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Confocal light microscopy image of a lateral root emerging from 
the main root (width: ~130 to 150 micrometers) of a young 
Arabidopsis thaliana plant (green, nuclei; red, cell walls). 
Lateral roots initiate deep within the primary (“mother”) root. 
Their emergence from the mother root is a highly regulated 
process requiring adjacent cells to shrink and make way for the 
developing lateral root. See page 178. 
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Computational Metamaterials 


Optical signal processing of light waves can represent 
certain mathematical functions and perform com- 
putational tasks on signals or images in an ana- 


log fashion. However, the complex systems of 
lenses and filters required are bulky. Metama- 


terials can perform similar optical processing op- 
erations but with materials that need only be a wavelength 
thick. Silva et al. (p. 160; see the Perspective by Sihvola) 

present a simulation study that shows how an architecture 
based on such metamaterials can be designed to perform 
a suite of mathematical functions to create ultrathin optical 


signal and data processors. 


Collective Coherent Spin 
Dynamics 


Ultracold gases have shown considerable 
promise for the quantum simulation of more 
complicated systems, such as correlated 
electrons in solids. Usually, researchers use two 
hyperfine states of the atoms to correspond to 
the spin up and down states of the electrons; 
however, these gases typically have a much 
richer internal state structure. Krauser et al. 
(p. 157) observed the coherent behavior of a 
gas of potassium-40 atoms that had 10 ac- 
cessible internal spin states and that evolved 
through collisions. The spin state of the system 
oscillated as a whole, a surprising fnding given 
that the atoms are fermions. 


Soft, Selective CO Sorption 


Many industrial processes produce CO, which 
could be used as a chemical feedstock, but 
separation of CO from other gases, especially N., 
is too difficult to be economically viable. Sato 
et al. (p. 167, published online 12 December 
2013) now report that a porous coordination 
polymer containing Cu2* ions can selectivity bind 
CO through serial structural changes reminiscent 
of allosteric effects in proteins. The separation of 
CO-N, mixtures can be achieved with a low input 
energy for CO desorption. 


Europa’s Plumes 


Jupiter's moon Europa has a subsurface ocean 
and a relatively young icy surface. Roth et al. (p. 
171, published online 12 December 2013; see 
the Perspective by Spencer) analyzed spectral 
images taken by the Hubble Space Telescope 
that show ultraviolet emissions from the moon’s 
atmosphere, and report a statistically significant 


emission signal extending above the satellite's 
southern hemisphere. This emission is consistent 
with two 200-km-high plumes of water vapor. 
Tidal stresses likely play a role in opening and 
closing fractures at the surface. 


Cancer Immunosurveillance 
Gone Bad? 


A subset of patients who develop scleroderma, 

a debilitating autoimmune disease, have an 
elevated risk of developing cancer. These patients 
harbor autoantibodies to RPC1, an RNA poly- 
merase subunit encoded by the POLR3A gene. 
Joseph et al. (p. 152, published online Decem- 
ber 5; see the Perspective by Teng and Smyth) 
explored whether the RPC1 autoantibodies target 
a “foreign” antigen derived from a mutated 
POLR3A gene. Sequence analysis revealed that 
POLR3A mutations were present in tumors from 
six of eight patients with RPC1 autoantibodies 
but in no tumors from eight control patients who 
lacked RPC1 autoantibodies. Cell culture data 
suggested that the POLR3A mutations triggered 
cellular and humoral immune responses in the 
patients. These results provide support for the 
“immunosurveillance” hypothesis, which posits 
the continual eradication of nascent tumor cells 
via immune responses. 


Make Way for the 
Emerging Rootlet 


Plant cells are immobilized by their rigid cells 
walls, and the root endodermal cell layer main- 
tains a impervious perimeter seal made of an 
indigestible irregular polymer. Despite these me- 
chanical obstacles, lateral root primordia, which 
initiate in the deep layers of the root, manage 


to break through to the surface. Vermeer et al. 
(p. 178; see the cover) used live-tissue imaging 
and genetics to show that signals are exchanged 
between the root primordium and the handful 
of cells overlying it, which then cave in on them- 
selves to open up a channel for the growing 
root primordium. 


Back with a 
Vengeance 


After surgery, gliomas (a type of brain 
tumor) recur in nearly all patients and often 
in a more aggressive form. Johnson et al. (p. 
189, published online 12 December 2013) used 
exome sequencing to explore whether recurrent 
tumors harbor different mutations than the pri- 
mary tumors and whether the mutational profile 
in the recurrences is influenced by postsurgical 
treatment of patients with temozolomide (TMZ), a 
chemotherapeutic drug known to damage DNA. 
In more than 40% of cases, at least half of the 
mutations in the initial glioma were undetected 
at recurrence. The recurrent tumors in many of 
the TMZ-treated patients bore the signature of 
TMZ-induced mutagenesis and appeared to fol- 
low an evolutionary path to high-grade glioma 
distinct from that in untreated patients. 


Out with the Old, 
In with the New 


In adult animals, resident stem or progenitor 
cells residing in niches replen- 
ish old tissues with new cells, 
but how they form new tissue 
is not well understood. Chen and Krasnow (p. 
186) examined how progenitor cells in the fruit 
fly form new tracheae as the old tracheae are 
destroyed during metamorphosis. Proliferating 
progenitors move out of their niche by crawling 
along the surface of decaying tracheal branches. 
The decaying branches express the chemoattrac- 
tant FGF (fibroblast growth factor) and create a 
track that directs progenitors. 


Spinal Circuit Complexity 

in Fish 

Rapid coordination of opposing muscle groups 
helps zebrafish zip through water. Bagnall and 
McLean (p. 197) now describe the neuronal 
circuits that stabilize swimming fish in their 
three-dimensional environment. By studying 
the self-righting behavior of larval zebrafish 
immobilized in agar, the authors identified 
parallel excitatory and inhibitory circuits driving 
dorsal and ventral hemisegments that could be 
activated independently. 
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Additional summaries 


Preserving Predators 


Large-bodied animals play essential roles in 
ecosystem structuring and stability through 
both indirect and direct trophic effects. In re- 


cent times, humans have disrupted this trophic 
structure through both habitat destruction and 
active extirpation of large predators, resulting 
in large declines in numbers and vast contrac- 
tions in their geographic ranges. Ripple et al. 
(p. 151; see the Perspective by Roberts) review 
the status, threats, and ecological importance 
of the 31 largest mammalian carnivores glob- 
ally. These species are responsible for a suite 
of direct and indirect stabilizing effects in 
ecosystems. Current levels of decline are likely 
to result in ecologically ineffective population 
densities and can lead to ecosystem instabil- 
ity. The preservation of large carnivores can 

be challenging because of their need for large 
ranges and their potential for human conflict. 
However, the authors demonstrate that the 
preservation of large carnivores is ecologically 
important and that the need for conservation 
action is immediate, given the severity of the 
threats they face. 


Heteroepitaxy Writ Thin 


A common method for creating a thin single- 
crystal layer of a semiconductor for use in an 
electronic device is heteroepitaxy—growing the 
layer on the face of a single crystal of a different 
material that acts as a template for assembly. 
Liu et al. (p. 163) now describe a similar 
process in which the edge of a graphene layer 
that was grown on a copper surface directs the 
assembly of a monolayer of hexagonal boron 
nitride. The boron nitride grew from inside edge 
of holes created in the graphene layer. The 
interface and the relative orientation of the two 
layers were determined by a variety of scanning 
microscopy and surface diffraction techniques. 
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Cold Glacier Growth 


Pine Island Glacier in Antarctica has thinned 
significantly during the last two decades and 
has provided a measurable contribution to 
sea-level rise as a result. Both glacier dynam- 
ics and climate are thought to be responsible 
for thinning, but exactly how they influence the 
glacier are incompletely known. Dutrieux et al. 
(p. 174, published online 2 January) provide 
another layer of detail to our understanding 

of the process through observations of ocean 
temperatures in the surrounding waters. The 
thermocline adjacent in the sea adjacent to the 
glacier calving front (where ice is discharged) 
lowered by 250 meters in the austral summer 
of 2012. This change exposed the bottom of the 
ice shelf to colder surface waters rather than 

to the warmer, deeper layer, thereby reducing 
heat transfer from the ocean to the overlying 
ice and decreasing basal melting of the ice by 
more than 50% compared to 2010. Those 2012 
ocean conditions were partly caused by a strong 
La Nifa event, thus illustrating how important 
atmospheric variability is for regulating how the 
Antarctic Ice Sheet responds to climate change. 


Carbon Budding 
in the Ocean 


Bacterial vesicles are gaining increasing at- 
tention for their roles in pathogenesis, but 

the abundance of these structures and their 
ecological roles in nonpathogenic contexts have 
received little notice. Biller et al. (p. 183; see 
the Perspective by Scanlan) provide evidence 
that membrane vesicles ~100 nm in diameter 
are released by marine cyanobacteria and are 

a major feature of marine ecosystems. Stud- 

ies of cultures of Prochlorococcus—the most 
abundant photoautotroph in the oligotrophic 
oceans—show that vesicles are continually re- 
leased by this cyanobacterium and are abundant 
in the marine environment. These vesicles have 
properties that change the way we think about 
genetic and biogeochemical exchange among 
plankton and the dissolved organic carbon pool 
in marine ecosystems. 


Expressing One Allele 
at a Time 


Although genetic traits are often dominant or 
recessive, the impact of the same heterozygous 
genotype can vary quite a bit between 
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individuals. Deng et al. (p. 193), analyzed 
global gene expression in hundreds of individual 
mouse cells and found that a substantial fraction 
of the genes only expressed one of the alleles, 
chosen randomly, at any given point in time. 
Such stochasticity in transcription increases the 
heterogeneity among cells and likely contributes 
to the phenotypic variance among individuals of 
identical genotype. 


Developing Neurons 
Make the Cut 


Neurons in the developing central nervous 
system of vertebrates derive from cells adjacent 
to the ventricles that then proliferate and dif- 
ferentiate to populate the brain. As one of these 
cells begins to differentiate, the cell nucleus 
migrates toward its new residence, away from 
the ventricle surface, and the cell stretches out. 
At some point, like any maturing adolescent, 
the cell has to leave home. Das and Storey (p. 
200; see the Perspective by Tozer and Morin) 
show that instead of letting go and drawing 

the trailing process up into the migrating cell, 
the cell cuts off and discards its first roots. The 
abscission process leaves behind the primary 
cilium and any signaling systems localized to 
the cilium. 


Persistent Survival 


The role of persister cells—dormant cells that 
survive multidrug treatment—in the context of 
bacterial pathogenesis has not been explored in 
depth. Using a single-cell fluorescent dilution 
technique, Helaine et al. (p. 204) examined 
Salmonella Typhimurium persister-cell forma- 
tion in vitro and in infections in mice. Within 
30 min after phagocytosis by macrophages, 
Salmonella cells follow one of two fates, either 
to replication and generation of virulence 
effectors or to remaining viable but become 
nonreplicating persisters. Salmonella living 
within a macrophage vacuole are exposed to 
potentially stressful conditions that induce the 
expression of 14 Type II toxin-antidote loci in a 
ppGpp/lon protease-dependent manner, and this 
system appears to play a role in both virulence 
factor induction and persister-cell formation. 
The nonreplicating bacteria represent at least 
four distinct subpopulations, as defined by their 
ability to resume growth and their metabolic 
activity, but different phenotypes are observed 
in different pathogens and Escherichia coli per- 
sisters are distinct from Salmonella persisters. 
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EMBO at 50 


50 YEARS AGO, IN 1964, THE EUROPEAN MOLECULAR BIOLOGY ORGANIZATION (EMBO) WAS FOUNDED 
by leading scientists who wished to create a network of cooperation in molecular biology. 
Since then, EMBO has had a major influence on the life sciences in Europe through impor- 
tant but often quite modest objectives and a clear mission to help scientists do their best 
research. We should celebrate half a century of EMBO’s achievements and ensure that it 
gets the visibility and support it deserves. In this respect, EMBO scientists are an impor- 
tant resource to promote the value of the organization and speak up for why we need to 
strengthen discovery research in the life sciences for the benefit of society. 

Since the early days under the guidance of Raymond Appleyard, EMBO has introduced 
activities to support the career advancement of young scientists and underrepresented 
groups in science and has launched a series of high-quality peer-reviewed journals. It also 
has built strong courses and workshops and an EMBO fellowship 
program that is an internationally recognized label of excellence for a 
scientist. EMBO has awarded approximately 6000 long-term post- 
doctoral fellowships since 1964. Established in 2000, the EMBO 
Young Investigator Programme was one of the first initiatives in 
Europe to recognize the needs of young scientists who lead research 
groups and has helped more than 300 such investigators establish 
their first independent laboratories. Many of them have become dis- 
tinguished senior scientists. And installation grants administered 
by EMBO are supporting young scientists who return to European 
countries where there are less developed infrastructures. 

Speaking more personally, EMBO has been important to me in 
several ways. It has provided my own training opportunities and 
has supported postdoctoral fellows in my laboratory. In particular, 
a DNA cloning course held at the European Molecular Biology 
Laboratory in 1980 played a crucial role in my early career. It was organized by Noreen and 
Kenneth Murray, who were instrumental in developing a vaccine against hepatitis B, the 
first genetically engineered vaccine approved for human use. The course trained participants 
in gene cloning: how to construct plasmid and phage vectors, generate recombinant DNA 
molecules, and produce proteins in bacteria. Much of this work can be done with off- 
the-shelf kits today, but not then. The work was intense and exhausting but enormously 
instructive. As a student, I received lots of hands-on experience and exposure to some of the 
great lecturers in molecular genetics. I was starting my first independent laboratory at the 
University of Sussex in the United Kingdom and was making a transition from classical to 
molecular genetics with fission yeast to study the molecular basis of cell cycle control. This 
change was made much easier by this course, and I am sure many scientists worldwide have 
had similar EMBO experiences. 

Today, the core of EMBO is its more than 1500 members and associate members—some 
of the most renowned scientists worldwide. This community is in an enviable position to build 
on the successes of EMBO’s activities for researchers. The input of the membership allows 
EMBO to guarantee the highest quality in its selection procedures for members and awards. 
This expertise will continue to guide the future direction of the organization, from objectives 
to support research to promoting sound science policies. I encourage scientists to communi- 
cate more widely to the public, funding agencies, politicians, policy-makers, and other opin- 
ion leaders about the accomplishments and goals of EMBO. By effectively describing what 
EMBO has achieved in the life sciences, we can argue for increased support to strengthen and 
expand its activities and ties with the international scientific community in the years ahead. 


— Paul Nurse 


10.1126/science.1247701 
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Seismic tremor is thought to be indicative of the slow release of small 
amounts of stress along plate boundaries, but it can also be triggered 
by large-amplitude seismic waves generated during large earthquakes. 
Gomberg and Prejean determined the distribution of tremor in Alaska 
after 11 of the largest earthquakes (M < 7.2) around the globe between 
2006 and 2012. As in previous observations, triggered tremor in the 
Aleutian Islands is related to the transition of friction along the sub- 
ducting plate boundary from a locked state to a creeping state. How- 


————— oe 
—— = 


ever, tremor was also triggered in central mainland Alaska—a region far 
away from the subduction zone and devoid of any major crustal faults or 
appreciable seismic activity. Because there was no single characteristic 
of the triggering wave source or tectonic environment associated with 
the two regions, transient frictional processes at the plate interface may 
be responsible for tremor triggering. However, according to GPS data, 
neither zone shows any clear evidence of other concurrent related seis- 
mic processes such as slow slip events. — NW 

J. Geophys. Res. 118, 10.1002/2013)JB010273 (2013). 


BIOCHEMISTRY 
Chirality Check 


Most biological macromolecules are homochiral, 
and enzymes help to maintain this state of af- 
fairs; for example, checkpoints ensure that only 
t-amino acids are incorporated into proteins 
during translation. Among these enzymes is 
p-aminoacyl-tRNA deacylase (DTD), which 
removes p-amino acids mischarged onto tRNAs. 
Three types of DTDs have been identified, with 
the most common form being present in many 
bacteria and all eukaryotes. DTD faces the mech- 


anistic challenge of acting on diverse p-ami- 
noacyl-tRNAs (p-aa-tRNAs) while not harming 
t-aminoacyl-tRNAs (1-aa-tRNAs) that are present 
at much higher concentrations. Although crystal 
structures have been determined for DTD in the 
apo form and bound to free p-amino acids, the 
structural basis of enantioselectivity remained 
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unclear. Ahmad et al. report the crystal structure 
of dimeric DTD from Plasmodium falciparum 
in complex with a substrate analog that mimics 
p-tyrosine attached to the 3’-OH of the terminal 
adenosine of tRNA. A critical role in shaping 
the active site for enantioselectivity is played 
by a Gly-cisPro motif that is inserted from one 
DTD monomer into the active site of the other 
monomer. Mainly main-chain atoms from DTD 
interact with the substrate, facilitating interac- 
tion with a range of p-aa-tRNAs. On the basis 
of mutational studies of active site residues, 
the authors suggest an RNA-assisted catalytic 
mechanism in which the RNA 2’-OH activates a 
water molecule. — VV 

eLife 2, e01519 (2013). 


CELL BIOLOGY 
Sugar Sabotage 


In patients with diabetes, too much of a good 
thing—glucose—in the bloodstream causes the 
debilitating loss of biological functions and can 
eventually lead to death. Scientists continue to 
home in on the precise mechanisms by which 
this occurs, in hope of mitigating the damage. 
Warren et al. have found a mechanism by which 
excess glucose can alter the functions of vascular 
endothelial cells, one of the main sites of com- 
plications in diabetes. In mouse endothelial cells, 
too much glucose leads to the overproduction of 
reactive oxygen species (ROS) in the mitochon- 
dria. This excess of ROS causes the phosphoryl- 
ation of the receptor for vascular endothelial 
growth factor (VEGF) within the Golgi, rendering 
the receptor vulnerable to proteolysis. This reduc- 
es the levels of VEGF receptor at the cell surface, 
where it would be able to detect circulating VEGF. 
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Thus, cells chronically exposed to excess glucose 
become less responsive to VEGF, which is neces- 
sary for the proper growth, function, and survival 
of endothelial cells. — LBR 

Sci. Signal. 7, ra1 (2014). 


CHEMISTRY 
As Thin As Clay Gets? 


Thin films of aluminosilicates can mimic the 
reactivity of zeolites but avoid the kinetic 
limitations of diffusion through pore networks. 
Wtodarczyk et al. build on their recent work 
on creating monolayers of aluminosilicates on 
the surfaces of single crystals of Ru to create 
thin films of Fe-containing silicates similar to 
the layers in smectite clays. Analysis of Si-O-Si 
stretching bands from infrared reflection-ab- 
sorption spectroscopy revealed that the addition 
of Fe led to the formation of two-component 
films containing pure silica and an iron silicate. 
X-ray photoelectron spectroscopy (XPS) of an 
oxide with a 1:1 ratio of Fe to Si revealed a 
high coordination of O to Fe, and low-energy 
electron diffraction revealed greatly increased 
ordering even for small amounts of Fe incorpo- 
ration. Density functional theory confirmed that 
uniform mixing of Fe is unfavorable thermo- 
dynamically as compared to phase separation, 
and favored a structure in which Fe atoms 
substitute for Si in the layer adjacent to the 
substrate and the formation of bridge Fe-O-Ru 
bonds. Although the Fe oxidation state could not 
be assigned from the XPS data, assuming that 
the Fe is in the 3+ oxidation state, the bilayer 
formed would represent a dehydroxylated form 
of nontronite, an Fe-rich smectite. — PDS 

J. Am. Soc. Chem. 135, 19222 (2013). 
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Sydney, Australia 1 
Stranded Antarctic Team Rescued 


After an experience he describes as “‘sober- 
ing,” climate scientist Chris Turney of the 
University of New South Wales, along with 
51 other scientists, doctoral students, tour- 
ists, and reporters, was airlifted to safety last 
week following 10 days stuck in Antarctic 


> —- 


Safe passage. Members of the marooned Austral- 
asian Antarctic Expedition board a Chinese helicopter. 


ice. Their ship, the Akademik Shokalskiy, was 
on the final leg of a privately funded expedi- 
tion retracing Australian geologist Douglas 
Mawson’s 1911 to 1914 adventure when it hit 
thick ice from a 2010 collision between an 
iceberg and the Mertz Glacier Tongue. The 
team is now aboard the Australian icebreaker 
Aurora Australis, due to reach Hobart, Tas- 
mania, between 18 and 20 January. 

Despite the delay, “every science target 
set was virtually nailed,’ says Alvin Stone, 
the expedition’s Sydney-based spokesperson. 
Detailed analysis will begin on shore, but a 
paper based on new observations about the 
impact of ocean temperatures on seabird 
populations is already under way. 


The Akademik Shokalskiy eventually 
freed itself, as did the Chinese icebreaker 
Xue Long that assisted in the rescue but 
itself became trapped. 


Washington, D.C. 2 


USDA Moving Forward With GM 
Crops for Weed Control 
The U.S. Department of Agriculture (USDA) 
wants to approve three new and controversial 
varieties of genetically modified (GM) crops 
in order to help farmers deal with a grow- 
ing weed problem. In a draft environmental 
impact statement released last week, USDA 
said its preference is to fully deregulate corn 
and soybean varieties that can tolerate 2,4-D 
and other herbicides. Dow AgroSciences 
created the varieties because weeds have 
evolved to survive glyphosate, a cheap and 
relatively benign herbicide that farmers have 
used on GM crops for nearly 20 years. But 
critics fear the new crops because they could 
increase the use of 2,4-D by as much as 
300% and lead to further resistance in weeds. 
USDA has authority to regulate GM 
crops only if they pose a risk to other plants, 
which these do not. The agency will be 
accepting public comments until 17 Febru- 
ary. Meanwhile, the Environmental Protec- 
tion Agency is conducting a risk assessment 
of the proposed use of 2,4-D on crops. 


Western Australia 3 


New Sanctuary to Fence 

In Native Species 

Woylies and bilbies and numbats. Oh my. 
The Australian Wildlife Conservancy (AWS) 
is building a 43-kilometer-long fence to help 
protect these three endangered mammals and 
six others threatened by foxes and feral cats. 
The fenced sanctuary inside the 7800- 


hectare Mount Gibson Wildlife Sanctuary 

in Western Australia is part of a landmark 
effort to reintroduce regionally extirpated 
species. A $1.2 million grant for the project 
was announced 27 December by the mining 
company Top Iron Pty Ltd., as compensation 
for environmental damage near Perth. 

The planned residents include the woy- 
lie (Bettongia penicillata), also called the 
brush-tailed bettong; the bilby (Macro- 
tis lagotis); and the termite-eating numbat 
(Myrmecobius fasciatus). They’1l be joined 
by the nocturnal western barred bandicoot 
(Perameles bougainville), which jumps 
straight up when startled. And if AWS 
reaches its target of nurturing 1200 greater 
stick-nest rats (Leporillus conditor), the 
country’s population will increase 40%. 


New York City 4 


U.S. Cancer Centers Receive 
Magnate’s Final Endowments 

Six medical centers got $540 million— 

$90 million each—this week to study can- 
cer in perpetuity or until it is no longer a 
problem, as specified in the will of Daniel 
K. Ludwig, who died in 1992. Through his 
estate, the shipping magnate has contrib- 
uted $2.5 billion to cancer research. The new 
money goes to centers launched in 2006 
with Ludwig support at Harvard Medical 
School in Boston, Johns Hopkins University 
in Baltimore, the Massachusetts Institute of 
Technology in Cambridge, the Memorial 
Sloan-Kettering Cancer Center in New York 
City, Stanford University in Palo Alto, and 
the University of Chicago. 

The sheer size of the Ludwig endow- 
ments makes a difference, says cancer 
immunologist Jedd Wolchok of Memorial 
Sloan-Kettering, who figures that the endow- 
ment will increase his annual budget by 
several million dollars. His group plans to 
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use the money to investigate cancer-immune 
system interactions through an upcoming 
clinical trial testing a new therapeutic anti- 
body that could be used to modulate T cells. 
http://scim.ag/_ludwig 


2013 Temperature Sets 

All-Time High 

After a string of record-breaking days and 
an especially destructive bushfire season, 
a new report makes it official: 2013 was 
Australia’s warmest year on record. An 
annual climate statement released last week 
by the country’s Bureau of Meteorology 
reports that the year’s average temperature 
outstripped every previous year since data 
collection began in 1910 and exceeded 
the national long-term average by 1.20°C. 
Climate scientists say global warming has 


Maxed out. Dark orange areas Sal 
reached their highest average ‘pd 
temperature on record. Ld 


played an undeniable role in the record- 
breaking conditions. The warming effect of 
greenhouse gas emissions “‘vastly increased 
the odds” of setting a new high, wrote cli- 
mate scientist David Karoly of the Univer- 
sity of Melbourne in a statement. “[I]t is 
NOT possible to reach such a temperature 
record due to natural climate variations 
alone,” he said, adding that the record is 
especially remarkable because it occurred 
without the warming effect of an El Nifio. 


Indian Cancer Institute Under Way 


Concerned about rising cancer rates in the 
country, Indian Prime Minister 

Manmohan Singh laid the foundation stone 
for a new National Cancer Institute last 
week, to be set up 60 kilometers from New 
Delhi. Styled after its U.S. counterpart, 

the $500 million institute is expected to be 
operational in 4 years. Singh said it will be 
the “single biggest health institute of the 
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Bridges That Breathe 


Fire ants sometimes arrange themselves into living structures—floating rafts or bridges 
that help them traverse gaps in their paths. Those bridges are self-repairing, Sulisay 
Phonekeo, a graduate student at the Georgia Institute of Technology in Atlanta, reported 
this week at the annual meeting of the Society for Integrative and Comparative Biology 
in Austin. Using time-lapse videography, he observed that even without a leader, fire ants 
gather to mend any holes in their bridges. And when a bridge starts to vibrate too fast, 
as can happen when wind or water currents shake the leaves or stems at its base, the ants 
close ranks, curling their legs more tightly around their neighbors to shorten and stiffen 
the bridge. “The construction rules followed by the ants represent a formidable source of 
inspiration for people working on self-assembling robots and self-repairing materials,” 
says Simon Garnier, a complex systems scientist at Rutgers University in Newark, New 


Jersey. http://scim.ag/_ant 


country” with more than 700 hospital beds 
and 500 doctors and researchers. 

According to the Indian Ministry of 
Health and Family Welfare, the nation’s can- 
cer treatment facilities have lagged behind 
World Health Organization standards. The 
institute will focus on cancers especially 
prevalent in India: tobacco-related cancers 
of the mouth and lungs, and cervical, gall- 
bladder, and liver cancers. 


NEWSMAKERS 


Battery Innovators, Science 
Educators Nab Engineering Prizes 


The National Academy of Engineering 
(NAE) announced the winners of its two top 
engineering prizes this week, recognizing the 
creators of the lithtum-ion battery and the 
developers of an innovative education cur- 
riculum. The Charles Stark Draper Prize for 
Engineering, awarded for accomplishments 
that have significantly benefited society, 

= went to John B. Goodenough, 
Yoshio Nishi, Rachid 
Yazami, and Akira Yoshino, 
who will share a $500,000 
award. NAE noted that 
each scientist played a 
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critical role in developing the now prevalent 
lithium-ion battery technology. 

The Bernard M. Gordon 
Prize for Innovation in 
Engineering and Technol- 
ogy Education went to 
the Dartmouth Engineer- 
ing Entrepreneurship 
Program at the university’s 
Thayer School of Engineering. NAE recog- 
nized John Collier, Robert Graves, Joseph 
Helble, and Charles Hutchinson for foster- 
ing entrepreneurship and leadership in the 
department’s undergraduate and graduate 
engineering programs. The awardees share 
half of the $500,000 prize; the rest will go 
to their institution. 


THEY SAID IT 


“A big win for ignorance. 
General Mills falls to 
pressure on Cheerios.” 
—Tweet from biologist J. Craig Venter 
after news that the company has 


dropped genetically modified corn and 
beets from its original Cheerios recipe. 
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Muscle Molecule Spurs 
Fat Cells to Slim Down 


How your body turns the pain of exercise 


Heart Study who had risk factors 
for heart disease and diabetes. 
Gerszten and colleagues intend to 
further study BAIBA in animals, 
and we may soon know whether it 


Looking for home. A free- 
floating larva of the tubeworm 
species Hydroides elegans. 


surface (whether a rock or 
a ship’s hull) and become 


into the gain of health benefits has become a 
bit clearer, thanks to a new discovery: When 


can deliver gain without the pain. 
http://scim.ag/BAIBA 


adults. The discovery 


you work out, your muscles release a mole- 
cule that modifies fat cells. 

The protein PGC-10 helps orches- 
trate the body’s response to exercise. But 
because it doesn’t travel outside muscle 
cells, researchers have been hunting for its 
molecular emissaries. Now, Robert Gerszten 
of Harvard Medical School in Boston and 


might lead to new ways to 
discourage tubeworms and 
other organisms from tak- 
ing up residence on ship 
hulls. Such biofouling 
costs the shipping industry 
billions of dollars each 
year. http://scim.ag/_tube 


Bacteria Tell Tubeworms 
Where to Settle 


For their first few days of life, the 
larvae of the ocean-dwelling tube- 
worm Hydroides elegans drift over 
the sea floor in search of a home. 


colleagues have found that PGC-lo-— 
making muscle cells secrete a messenger 
called B-aminoisobutyric acid (BAIBA). 
BAIBA induces energy-storing white 
fat cells to become more like brown fat 
cells, which burn calories, the researchers 
report this week in Cell Metabolism. Mice 
that lapped up water laced with BAIBA lost 
weight and showed other metabolic benefits. 


The signal that causes them to set- 

tle down and take on their adult tubular form 
has long been mysterious. New research 
shows how bacteria on the ocean floor—or 
on the hulls of ships—play a role. 

Biologists knew that the presence of 
certain bacteria growing on a surface helps 
trigger a larva’s decision to settle and meta- 
morphose, but no one could explain how 


Confiscated elephant 


ivory pulverized in the first destruc- 
tion by the Chinese government— 
an attempt to reduce poaching in 


The researchers also found low BAIBA lev- 
els in subjects from the famous Framingham 


other countries amid high 
Chinese demand. 


bacteria prompt this. Online this week in 
Science, researchers report that the bacterial 
cells release elaborate ae 
structures resembling 7+ Decrease in cigarette smok- 
bits of viruses called ing prevalence in women worldwide 
phages, which link to between 1980 and 2012, accord- 


form a 3D net. Touch- ‘ 
ing the net prompts the ing to a new report (versus a 25% 
decrease for men). 


larvae to attach to a l 


NOW IS THE TIME FOR YOU TO CHOOSE SIDES AND HELP! 
2 2 eee Ss 


WHAT IS IT TO BE: HERO? OR VILLAIN? YOU DECIDE. 


Ga. eee 


JOIN HERO LAB AND CREATE THE NEXT GENERA’ OF SUPERHEROES TO 
HELP MECHA-MAN BATTLE DOKTOR DARKNESS AND THE VAULT OF VILLAINS. 
= BS BG OE WEBB EEE 
SIDE WITH DOKTOR DARKNESS, DEFEAT THE DO-GOODERS AND 
THE BY ADDING TO THE RANKS OF THE VAULT OF VILLAINS. 


Science-Powered Super-Sidekicks 


Ask card-carrying geeks about the science in comic books and you'll get an 
angry rant. “When Superman catches people falling from skyscrapers just 
before they hit the street, why don’t they go splat right in his Kryptonian 
arms? And don’t even get me started on the Hulk’s flagrant violation of the 
first law of thermodynamics ... .” But then they'll gush about their most 
beloved comic books. See the tension? Now, scientists and comic book art- 
ists in the United Kingdom are teaming up to create an antidote: Hero Lab. 

The idea is to create superheroes and villains whose powers are grounded 
in real science and distribute them as a comic book to schoolchildren. 
Scientists at the University of Central Lancashire in the United Kingdom 
and two professional comic book artists have created a pair of characters, 
Mecha-man and Doktor Darkness, who are now recruiting teams of good 
and evil sidekicks, respectively. Children worldwide have until 28 Febru- 
ary to propose heroes and villains with science-based powers. One of the 
entries received so far, Magma Man, can harness the energy of underground 
magma to shoot heat blasts. (Sure, the scheme has a few scientific gaps, but 
you have to learn some geology to appreciate his power.) Keep tabs on the 
action at www.herolab.co.uk. 


HEROLAB COMIC. 
AND A CHANCE TO VISIT THE LONDON COMIC CONVENTION. 


CREDITS (TOP TO BOTTOM): IMAGE COURTESY OF BRIAN NEDVED; ANDY LANNING AND ANT WILLIAMS, COMIC STRIPPER STUDIOS 
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SCIENCE EDUCATION 


Lifting the curtain. 
Leah Gum’s decision 


to switch from theater 
into electrical engi- 
neering isn’t as rare as 
many experts think. 


Studies Suggest Two-Way 
Street for Science Majors 


To win acceptance to Cornell University, 
Will Najar had to convince the philosophy 
department that he would be a perfect fit 
for the program. But after taking mostly 
humanities classes in his freshman year, 
the 19-year-old Najar changed his mind. “I 
wanted to build things or help people,” he 
says, “and I realized that I wasn’t going to 
be able to make that kind of an impact on the 
world as a philosophy guy.” 

So Najar switched his major to biology. 
The change meant “working harder for 
lower grades,” Najar says. But he persevered, 
and along the way he taught himself some 
computer and Web skills. After graduating 
last May, he snared a well-paying job as a 
technical account manager at Microsoft, 
where he uses his scientific training to help 
customers solve their computing problems. 

Najar’s academic path has long been 
thought to be an anomaly. Conventional 
wisdom holds that few college students ever 
transfer into a STEM (science, technology, 
engineering, and mathematics) field 
because they lack the necessary academic 
preparation. The field is already plagued 
by high attrition rates: At least one-half of 
students who declare their intention to major 
in a STEM field either switch majors or 
never earn a degree, some driven out by poor 
instruction and a chilly climate for women 
and minorities. Both the low inflow and high 
outflow have long been thought to be unique 
characteristics of STEM disciplines. 
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The unfortunate result, experts say, is 
a dearth of technically savvy workers that 
U.S. companies need to compete in a global 
economy. That alleged crisis has prompted 
the federal government, industry, and private 
foundations to spend billions of dollars trying 
to understand and reverse the pattern. 

But new data poke major holes in that 
conventional wisdom. The findings could 
have important implications for an issue that 
for 2 decades has spawned bitter ideological 
battles between those who say that the leaky 
STEM pipeline is a national crisis and those 
who say that the supply of STEM workers is 
more than adequate. 

One study, a first-ever look at attrition 
rates outside the STEM fields, has found that 
STEM majors are no more likely to switch 
out than are students in the humanities, 
business, and education. In November, 
Xianglei Chen of RTI International in 
North Carolina reported on her analysis of 
a nationally representative sample of 19,000 
students who began college in 2003. 

The study, which tracked the students for 
6 years, found an attrition rate of 48% for 
STEM majors (20% dropped out and 28% 
switched to a non-STEM major). That 
compares with 56% for initial humanities 
majors and 50% for business majors. “We’ve 
never really looked at attrition in non- 
STEM fields, so we never really knew the 
comparative size of the problem for STEM,” 
says Matthew Soldner of the Education 
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Department’s National Center for Education 
Statistics, which commissioned the RTI study. 
A second study, also released in November, 
looked at how student preferences change 
during their first year of college. The data, 
from the Beginning College Survey of Student 
Engagement (BCSSE) and the National 
Survey of Student Engagement, involve 
78,000 students at 119 institutions in 2012. 
Researchers at Indiana University found that 
24% of the students who entered college with 
plans to earn a STEM degree had shifted into a 
non-STEM field by the end of their freshman 
year. But they also discovered that 27% not 
originally planning to major in STEM had 
switched into a STEM field by spring. 

Those two findings come as no surprise 
to Hal Salzman, a professor of public policy 
at Rutgers University in New Brunswick, 
New Jersey. Salzman’s previous work has 
questioned those claiming a shortage of 
STEM-trained workers. And in a new paper 
not yet in print, Salzman argues that the leaky 
STEM pipeline metaphor should be replaced 
by a two-way street, with students continually 
moving into and out of STEM disciplines. 

“Tf you talk to 17-year-olds about their 
plans, or ask adults how they got into their 
profession, you’ll find that their interests 
change and they change majors,” Salzman 
says. “I think what has happened is that 
we defined [attrition] as the problem, and 
that led researchers down a certain path.” 
Salzman thinks educators should focus 
on understanding the factors that affect 
whether students stick with any given major, 
including STEM. 


Talking back 

The push to improve U.S. science educa- 
tion across the board dates from the post- 
Sputnik era. But it was a 1997 book by Elaine 
Seymour and Nancy Hewitt, Zalking About 
Leaving: Why Undergraduates Leave the Sci- 
ences, that made undergraduate STEM educa- 
tion a hot research topic. In lengthy interviews 
with 335 students at seven U.S. institutions, 
the authors found, as one reviewer put it, that 
“students are very disappointed with college 
[STEM] courses and professors.” 

The book was a call to arms for improving 
how STEM courses are taught and attracting 
and retaining more women and minorities, all 
with the goal of stemming the high attrition 
rates. (Seymour and Hewitt pegged the rate at 
55% for their diverse sample of colleges and 
research universities.) 

For 2 decades, that philosophy has ruled: 
A 2012 report by a White House science 
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Attrition Rates: How STEM Stacks Up 
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Changing majors. Attrition rates are no higher for students in STEM fields than in the humanities, educa- 
tion, and business, and business is the most popular destination for STEM majors moving into a new field. 


advisory panel, for example, concluded that 
the single most effective way to preserve 
U.S. competitiveness would be to lower the 
STEM attrition rate in college. The National 
Science Foundation and the Alfred P. Sloan 
Foundation are even funding a follow-up 
to the original study, tabbed Talking About 
Leaving Revisited, aimed at understanding 
why efforts to retain students in STEM majors 
haven’t made a dent in attrition rates. 

But the new studies suggest that efforts 
to reverse the outflow have ignored a critical 
factor: It takes time for students to find their 
way before ultimately choosing a major that’s 
right for them. “We need to develop programs 
to help students gain a better understanding 
of the broad array of educational and career 
options before them,” Soldner says. 


ASTROPHYSICS 


Those involved in the follow-up to the 1997 
study think the RTI data make an important 
contribution to the debate but don’t reduce 
the importance of efforts to attract and retain 
students in STEM fields, including a strong 
focus on women and minorities. “Just because 
the attrition rate is no higher doesn’t mean 
there isn’t a problem,” says Joseph Ferrare of 
the University of Wisconsin, Madison, co— 
principal investigator on the follow-up study. 
“And ensuring diversity is also important.” 

Few would argue with the need to make 
the STEM workforce more diverse. But the 
studies provide no clear guidance on where 
to focus attention. Chen finds, for example, 
that women are more likely than men to 
switch majors, while men are more likely 
to drop out—but only among those seeking 


bachelor’s degrees. (The RTI study included 
those enrolled in associate degree programs 
as well.) Looking at racial and ethnic 
differences, she finds that fewer Asians than 
blacks switched out of STEM majors but that 
there was “no measurable difference” in the 
rates among Asians, whites, and Hispanics. 

The influx documented by BCSSE raises 
a new question: How can institutions trying 
to grow their STEM programs tap into a 
potentially much larger pool of talent on 
college campuses? Leah Gum, who entered 
the University of Southern California in Los 
Angeles in 2009 as a theater major, says she is 
living proof of how to bridge that gap. 

“An actor is all I ever wanted to be,” Gum 
says. But after devoting the first semester 
to courses on her craft, she decided that a 
career in theater “wouldn’t be satisfying 
in the long run.” She also longed for a 
greater intellectual challenge—what she 
calls the “academic side” of college. She 
switched tracks and is now in the last year 
of a combined, 5-year bachelor’s—master’s 
degree program in electrical engineering. 
After graduation she will join Apple to 
work as a sensor engineer in their human 
interfaces devices group at the company’s 
headquarters in Cupertino, California. 

“Most people think there’s no overlap 
between being an artist and being a scientist,” 
she notes. “But I disagree. Actors are always 
trying to understand what motivates their 
character. And thinking about how people 
behave translates directly into engineering, 
where the human-machine interaction is so 
important.” —-JEFFREY MERVIS 


Rare Celestial Trio to Put Einstein's Theory to the Test 


In a cosmic coup, astronomers have found a 
celestial beacon known as a pulsar in orbit 
with two other stars. The first-of-its-kind trio 
could soon be used to put Einstein’s theory of 
gravity to an unprecedented test. “It’s a won- 
derful laboratory that nature has given us,” 
says Paulo Freire, a radio astronomer at the 
Max Planck Institute for Radio Astronomy in 
Bonn, Germany, who was not involved in the 
work. “It’s almost made to order.” 

A pulsar consists of a neutron star, the 
leftover core of a massive star that has 
exploded in a supernova. The core’s intense 
gravity squeezes atomic nuclei into a single 
sphere of neutrons. The spinning neutron 
star also emits a beam of radio waves that 
sweeps the sky as steadily as the ticking of an 
atomic clock. Tiny variations in the flashing 


Ménage a trois. A pulsar (/eft) and one star (center) 
are orbited by a more distant star (right). 


can reveal whether the pulsar is in orbit with 
another object: As the pulsar cycles toward 
and away from Earth, the pulse frequency 
oscillates. Roughly 80% of the more than 
300 fast-spinning “millisecond” pulsars 
have a partner. 


But a single partner couldn’t explain the 
peculiar warbles in the frequency of pulsar 
PSR J0337+1715, which Scott Ransom, an 
astronomer at the National Radio Astronomy 
Observatory in Charlottesville, Virginia, 
and colleagues discovered in 2007 with the 
Robert C. Byrd Green Bank Telescope in 
West Virginia. Training other radio telescopes 
on the object, Ransom and colleagues 
monitored it almost constantly for a year and 
ahalf. Eventually, Anne Archibald, a graduate 
student at McGill University in Montreal, 
Canada, figured out exactly what’s going on. 

The pulsar, which has 1.4 times the 
sun’s mass and spins 366 times a second, is 
in a tight orbit lasting 1.6 days with a white 
dwarf star only 20% as massive as the sun. 
A second white dwarf that weighs 41% as 
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much as the sun orbits the inner pair every 
327 days, Ransom and colleagues reported 
this week in Nature. “We think that there 
are not more than 100 of these [trios] in our 
galaxy,” Ransom says. “They really are one- 
in-a-billion objects.” 

The distinctive new system opens the way 
for testing a concept behind Einstein’s theory 
of gravity, or general relativity. Called the 
equivalence principle, it relates two different 
conceptions of mass: inertial mass, which 
quantifies how an object resists accelerating 
when it’s pushed or pulled, and gravitational 
mass, which determines how much a 
gravitational field pulls on it. 

The simplest version of the principle 
says inertial mass and gravitational mass 
are equal. It explains why ordinary objects 
like baseballs and bricks fall to Earth at 
the same rate regardless of their mass. The 
strong equivalence principle takes things 
an important step further. According to 
Einstein’s famous equation, E = mc’, energy 
equals mass. So energy in an object’s own 
gravitational field can contribute to its mass. 
The strong equivalence principle states that 
even if one includes mass generated through 
such “self-gravitation,” gravitational and 
inertial mass are still equal. 

The strong equivalence principle holds 
in Einstein’s general theory of relativity but 
not in most alternative theories, says Thibault 
Damour, a theoretical physicist at the Institute 
for Advanced Scientific Studies in Bures- 
sur-Yvette, France. So poking a pin in the 
principle would prove that general relativity 
is not the final word on gravity. 

Researchers have tried to test the strong 
equivalence principle by scrutinizing how the 
moon and Earth orbit in the gravitational field 
of the sun and how pulsar—white dwarf pairs 
cavort in the gravitational field of the galaxy. 
But Earth’s self-gravitation is tiny, and the 
galaxy’s gravity is weak. So such tests have 
yielded a precision of only parts per thousand, 
Damour says. 

The new pulsar system opens the way to 
a much more stringent test by combining the 
powerful self-gravitation of the pulsar with 
the strong gravitational field of the outer 
white dwarf. By tracking whether either the 
inner white dwarf or the pulsar falls faster 
toward the outer white dwarf, Ransom and 
colleagues should be able to test strong 
equivalence about 100 times as precisely as 
before, Damour says. If strong equivalence 
falters, Freire says, the result would mark “a 
complete revolution” in physics. 

Ransom says his team should be able to 
test the principle within a year. 

-ADRIAN CHO 
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Europe Focuses Fusion Research on 
Building a Working Power Reactor 


As the new year dawned, nuclear fusion 
researchers in the European Union woke 
to an entirely new funding system aimed at 
sharpening their focus on generating energy. 
Gone are the annual block grants to national 
fusion laboratories; now, teams must compete 
to participate in “work packages” supporting 
the international ITER reactor in France and 
preparing for a prototype power reactor before 
the middle of the century. “It’s a substantial 
change in the way we work,” says Francesco 
Romanelli, acting head of EUROfusion, a 
consortium of all of Europe’s fusion labs that 
will manage the new program. 

The change is the handiwork of the 
European Union’s nuclear research arm, 
Euratom. It funds both ITER construction, 


hnologies 


Education 
and training 


Ona mission. Europe’s fusion research effort now has the goal of gen- 


erating electricity before 2050. 


shouldering 45% of the cost—a €6.6 billion 
share by the time the reactor is completed in 
2020—and related fusion research in labs 
across the continent. That is the part of the 
budget that the new system redirects. 

In the old system, in place since the 1950s, 
Euratom simply gave each of the national 
labs a lump of money every year equal to as 
much as 20% of the lab’s budget and gently 
coordinated research. Euratom also funded 
the only common facility, the Joint European 
Torus (JET) reactor in Culham, U.K., 
through the European Fusion Development 
Agreement (EFDA). 

In 2011, Euratom appointed a panel 
to recommend how to organize fusion 
research in the European Union’s next 
7-year financial period, starting in 2014. 
Headed by Albrecht Wagner, former 
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Total proposed fund 
allocation: €734 million 


ial development 


Plasma facing components 
and divertor test facility 


head of the DESY particle physics lab in 
Germany, the panel recommended a more 
mission-oriented approach focusing on 
fusion energy. “If ITER is not a success, 
there is no need for future research,” says 
Alain Bécoulet, head of France’s Research 
Institute for Magnetic Fusion. 

In 2012, Euratom tasked EFDA with 
drawing up a road map for refocusing 
Europe’s fusion efforts. Published at the 
beginning of 2013, the road map called 
for the European Union to concentrate 
on finishing and operating ITER while 
also preparing for its successor, a power- 
producing prototype, dubbed DEMO. In 
response, Euratom announced thatthe annual 
grants would cease at the end of the year and 
that the fusion community 
must devise a 5-year program 
of research based on the aims 
of the road map. 

Since then, the heads of the 
fusion labs have been working 
furiously to comply, and they 
finalized the work program 
last month. The program, 
which Euratom will spend 
the next 3 months evaluating, 
includes a campaign of 
experiments on JET to 
simulate ITER operation 
plus experiments at smaller 
reactors across Europe. 
There’s money for technology 
R&D for ITER and DEMO, 
for training future fusion scientists, and for a 
neutron source to test materials in the sort of 
neutron bombardment they will experience in 
a working reactor. The program also hedges 
its bets by supporting work on stellarators, an 
alternative fusion technology that could play a 
role if ITER fizzles. 

Bécoulet worries that the program 
focuses too much on the future—ITER 
operation and DEMO—and not on the 
immediate needs of ITER construction. 
“We’re very upset with the proposal,” 
he says, adding that the program “needs 
to focus more on what is urgent now.” 
Romanelli responds that the program 
already addresses urgent needs, with 85% of 
the funding directly or indirectly supporting 
ITER. “ITER is the first priority,” he says. 

—DANIEL CLERY 
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MARINE POLICY 


U.S. Regulators Unveil New Ocean 
Noise Rules for Marine Mammals 


When an energy company explores for oil 
or gas underneath the sea floor, it’s not a 
hush-hush affair. A survey ship tows “air 
guns” that shoot high-pressure bubbles into 
the sea, creating blasts of sound that pen- 
etrate the sea floor to reveal the geology. 
Although companies insist that the noise 
rarely injures whales, dolphins, and other 
marine life, environmentalists disagree. 
And the U.S. government, which grants per- 
mits for seismic surveys and other sources 
of marine racket, lacks a solid scientific 
foundation for deciding. 

Now, after a decadelong wait, that 
foundation is about to get a bit sturdier. On 
27 December, the U.S. National Marine 
Fisheries Service (NMFS) released updated 
technical guidance—dubbed a “Highly 
Influential Scientific Assessment’”—that 
calls for analyses more sophisticated than 
are now required of how noise from air guns, 
pile drivers, and underwater explosions 
might injure a marine mammal. The 
proposal recognizes “that there’s more to 
sound than just how loud it is,” says marine 
acoustics specialist Brandon Southall of 
SEA, a consulting firm in Aptos, California. 
Regulators will also have to take into 
account, for example, that species have ears 


that are tuned to various frequencies. 

Concerns about impacts of ocean noise 
on marine mammals, which depend on 
hearing for communication, feeding, and 
navigation, have rippled through courtrooms 
and legislative bodies around the world. 
Over the past decade, environmentalists 
and military agencies have jousted 
over the impact of naval sonars, which 
researchers say have caused certain types 
of whales to panic, strand, and die (Science, 
26 January 2001, p. 576). Shipping firms 
have been under pressure to reduce the 
racket generated by their vessels (Science, 18 
June 2010, p. 1502). And federal agencies, 
settling lawsuits by environmentalists, have 
required companies to reduce air gun use in 
some whale-rich waters. 

But few studies could help regulators 
predict just how a proposed activity, such as a 
seismic survey, might affect nearby animals. 
As a result, in the 1990s, U.S. regulators 
adopted some rough guides. Existing NMFS 
rules, for instance, assume that a whale 
will experience temporary hearing loss if 
exposed to a nearby sound exceeding 160 
decibels (dB), which might be created by a 
mine exploding 100 meters away. At 180 dB, 
NMFS assumes that cetaceans experience 


Seismic shift? New guidelines aim to clarify risks 
that marine mammals face from ocean noise, 
such as the seismic air blasts being studied by this 
research vessel in the Gulf of Mexico. 


permanent hearing loss, while seals and 
other pinnipeds would go deaf at 190 dB. 

The new guidelines, however, say that a 
small but growing body of research shows 
that regulators need to take into account 
many more factors. For example, relatively 
constant sounds like sonar would be handled 
differently than bursts of “impulsive” sound, 
such as the boom of a pile driver, which can 
create a higher peak pressure. That pressure 
burst “can cause more damage to the inner 
ear,’ says Amy Scholik-Schlomer, a NMFS 
acoustics specialist. The guidelines also 
divide marine mammals into five groups, 
based on their hearing characteristics. 
Beluga whales, for example, might be 
disturbed by the initial high-pitched bang 
from a seismic air gun, researchers say, 
but not the subsequent thud. Finally, the 
rules don’t just set a single redline sound 
threshold; they also call for assessing an 
animal’s cumulative exposure. 

Some environmentalists believe that such 
guidance, once implemented, will show that 
noise threatens more marine mammals than 
once believed—and will lead to stronger 
protection, at least for some species. Studies 
suggest that relatively common harbor 
porpoises, for instance, are much more 
sensitive to noise than previously believed. 

Others are skeptical. The main result, 
predicts Bruce Tackett of Resource Access 
International, an energy industry consulting 
firm in Dallas, Texas, will be thicker and 
more detailed assessment studies, but not 
necessarily stricter permits. “NMFS is going 
to needa bigger loading dock,” he says. “There 
will be FedEx tractor-trailors lining up.” 

A continuing challenge, all sides agree, 
is the scarcity of data: The new exposure 
thresholds for harbor porpoises, for instance, 
are derived from a handful of studies of two 
individuals in captivity. And there are still 
are no solid direct studies of large whales. 
Still, many see the NMFS proposal as a 
step forward. “In the past, the guidelines 
were scattered and changeable,” says Roger 
Gentry, a former top government scientist 
who now advises the energy industry on 
marine noise. 

NMFS is accepting public comment on the 
injury guidance until 27 January and hopes 
to finalize it in the spring. Meanwhile, it is 
working on a separate review of how noise 
can affect the feeding and other behaviors of 
marine mammals. -ERIK STOKSTAD 
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SCIENTIFIC MEETINGS 


Once Failing Biology Society Thrives 
As It Nurtures New Disciplines 


To understand the success of the 
Society for Integrative and Com- 
parative Biology (SICB), start 
with the name. It is purposefully 
vague, hinting that the organiza- 
tion has a niche for everyone, 
and that synthetic and inter- 
disciplinary fields are especially 
welcome. The approach has paid 
off. While many scientific societ- 
ies are struggling with declining 
memberships and red ink, SICB 
is booming. Since 2009, its num- 
bers have swelled by almost 50% 
to almost 3500, and its $900,000 
budget is balanced. 

The society, which held its 
annual meeting this week in 
Austin, is “an incubator for 
emerging fields,’ says James 
Adelman, a disease ecologist 
at the Virginia Polytechnic 
Institute and State University 
in Blacksburg. In the past, the 
society has embraced up-and- 
coming fields like evo-devo, 
a melding of evolutionary 
biology and development, and 
comparative biomechanics, which studies 
animal movement and locomotion. Earlier 
this week in Austin, another subdiscipline 
joined SICB, as those who study immune 
systems in natural settings set up shop as 
the new Division of Ecoimmunology and 
Disease Ecology. 

Cynthia Downs of the University 
of Nevada, Reno, is delighted with the 
recognition for her research focus. When she 
first attended SICB 7 years ago as a graduate 
student studying physiological trade-offs 
in mice bred to have ever higher metabolic 
rates, immunology was not on her mind. Yet 
after hearing talks about how costly immune 
responses were for animals, she began 
studying the issue in her mice. Now, she 
studies immune responses in wild mule deer 
and elk. She and Adelman just co-organized 
what was the third SICB ecoimmunology 
symposium. Past symposia have yielded 
“some of the foundational papers” in the 
field, she says. 

SICB officials and members credit the 
society’s constant self-renewal largely to 
its open-door policy. All it takes to set up 
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Ecology meets immunology. Cynthia Downs draws blood from a 
mule deer as part of her ecoimmunology research. 


a new division is a petition by 25 existing 
members and approval from the SICB 
executive committee. The division writes up 
its own bylaws and elects its own officers, 
and defines its focus. “I think the reason 
we are doing so well is we’ve got this 
flexibility,’ says evo-devo researcher Billie 
Swalla of the University of Washington, 
Seattle, who is SICB’s president. SICB’s 
divisions “can respond to opportunities and 
fade when matured,” adds Robert Full, an 
integrative biologist at the University of 
California, Berkeley. 

Full belongs to the comparative 
biomechanics division, which he helped 
start in 2007. “I was frustrated,” he recalls. 
“There was an increasing number of young 
investigators in the exploding field that 
needed to be connected to a community.” 
The division started with 132 members, and 
its ranks have swelled to more than 1000 as 
it has attracted new researchers, including 
engineers, to SICB. Full says he and his 
colleagues have no intention of abandoning 
the society. “We value the diversity and 
synthetic approaches of SICB.” 
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But SICB sometimes sees its progeny 
leave home. Comparative endocrinologists, 
who composed one of SICB’s bigger 
divisions from the 1970s to early ’90s, have 
begun to leave the fold, in 2011 establishing 
a society of their own. “It’s a way to make 
[the field] visible and to say something to 
young people” about its vitality, says Stacia 
Sower, a comparative endocrinologist at the 
University of New Hampshire, Durham. “We 
were buried in the SICB.” 

Evo-devo, too, is setting out on its own. 
More than 20 years ago, Swalla and others 
within SICB organized early symposia and 
helped find a home for the nascent discipline 
within SICB. Last month, however, U.S. evo- 
devo researchers decided they have outgrown 
that home; by 2015, they expect to have their 
own society up and running, ready to host its 
first meeting. 

This ebb and flow has been the modus 
operandi of SICB almost from its earliest days. 
It started out as the American Morphological 
Society in 1890 but by 1913 had morphed into 
the American Society of Zoologists (ASZ) 
to reflect additional research fields, such as 
ecology and genetics. But not everyone was 
satisfied. In 1915, a faction established the 
Ecological Society of America, which now 
dwarfs SICB with 10,000 members. Some 
geneticists split off as well 15 years later, 
forming a new society. 

By 1959, new discipline-focused divisions 
had emerged: developmental biology, 
comparative endocrinology, comparative 
physiology, and animal behavior, among them. 
But in the 1990s, ASZ was teetering, so weak 
financially that it appealed to its members for 
bailout donations. Soul-searching resulted in 
a greater emphasis on cross-cutting topics. 
“People thought that having a program that 
was truly integrative was more important 
than having the disciplines,” says comparative 
physiologist Louis Burnett of the College 
of Charleston in South Carolina, who has 
been the SICB secretary for the past 8 years. 
Another name change reflected the shift: By 
1996, ASZ became SICB. 

Yet the divisions have continued to 
proliferate, thanks to new disciplines spawned 
in part from cross-cutting approaches 
encouraged at SICB. And even when these 
disciplines split off as independent societies, 
SICB retains many of their members by 
offering the chance to connect with other 
disciplines at meetings and symposia. 

“Some people say, ‘How dare they go 
off and start their own society,’ ” Swalla 
says. “I tend not to be a panicky person. My 
thing is if you have good symposia, people 
will come.” —ELIZABETH PENNISI 
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Mariners of the Lost Sea 


Charting the rise and fall of the ancient Paratethys Sea may help 
explain how Central Asia's lush forests gave way to steppe and desert 


CHILDARA, TAJIKISTAN—Under a broil- 
ing midday sun, Guillaume Dupont-Nivet 
pushes a drill into a sloping outcrop near this 
village in southwestern Tajikistan. Dozens 
of soldiers in olive drab uniforms rush by, 
a reminder of the turmoil across the nearby 
Afghan border. Unfazed, Dupont-Nivet, a 
geologist at the National Center for Scien- 
tific Research (CNRS) in Rennes, France, 
painstakingly removes the drill and cradles 
his prize: a cylinder of fine, greenish sedi- 
mentary rock. “This is a perfect core,” he 
says, wiping mud from his face. 

The core is a remnant of the bottom of 
the Paratethys Sea, a vast body of water 
that vanished long before humans walked 
the earth. At its peak 50 million years ago, 
the shallow sea covered much of Eurasia, 
from present-day northwestern China to 
the Mediterranean. In a project launched 


in 2008, Dupont-Nivet and his colleagues 
have been crisscrossing Central Asia’s 
isolated basins, extracting hundreds of 
cores on a quest to “unveil the mystery of 
why Central Asia has become such an arid, 
desolate land,” he says. “It’s a story of a 
paradise lost.” 

In the days of the Paratethys, Central 
Asia was covered in warm, damp forest 
inhabited by horses with long front limbs 
that knuckle-walked like gorillas and 
gargantuan rhinos that dwarfed modern 
elephants. Within a few million years—a 
geological eye blink—Central Asia’s climate 
turned cooler and drier. Lush forests gave 
way to grasslands, and rodents and rabbits 
supplanted the megafauna. The lurch toward 
a more arid climate was “among the most 
dramatic events since the extinction of the 
dinosaurs,” says Jin Meng, a paleontologist 


at the American Museum of Natural History 
in New York City. 

Scientists have long blamed the drying 
of Central Asia on rain shadows—parched 
areas in the lee of mountainous terrain—that 
formed as the Tibetan Plateau rose during 
the collision of Eurasia and the Indian 
subcontinent starting about 50 million years 
ago. Dupont-Nivet and others argue that the 
retreat of the Paratethys Sea was equally 
important, if not more so, in driving the 
shift. They suspect that the loss of a moisture 
source during the sea’s disappearance turned 
much of the region into the desert it is today. 

The Paratethys Sea’s importance extends 
beyond Central Asia. The sea connected 
the Indian and Atlantic oceans; its demise 
therefore “should have [caused] a pretty 
big change in global climate,” says David 
Battisti, a climate scientist at the University 
of Washington, Seattle. Reconstructing 
the Paratethys’s rise and fall, he predicts, “will 
change many aspects of our fundamental 
understanding of the Earth’s climate system.” 

Until recently, the region’s political 
instability kept geologists from tracing the 
ancient sea and its history in detail. But 
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Leaving its mark. This pale green limestone out- 
crop in southwestern Tajikistan marks the last stand 
of the Paratethys, which vanished some 37 million 
years ago. 


fieldwork in once-inaccessible corners of 
Tajikistan and neighboring countries has 
enabled the CNRS team to begin piecing 
together when the Paratethys inundated 
Central Asia, how extensive it was, and when 
it vanished. Such data, Dupont-Nivet says, 
are “critical for linking the sea fluctuations 
to climate and environmental changes in 
Central Asia.” 

The effort to paint a more nuanced picture 
of the Paratethys, says Carmala Garzione, 
a geologist at the University of Rochester 
in New York who is not affiliated with the 
project, is “long overdue.” 


Disappearing acts 

The Paratethys formed about 150 mil- 
lion years ago, when global sea levels rose 
and water from the Tethys Ocean sepa- 
rating two supercontinents—Laurasia 
and Gondwana—spilled into present-day 
Eurasia. Rock layers spanning tens of mil- 
lions of years contain a “fantastic encyclo- 
pedia” of the sea’s geological history, says 
project member Jean-Noél Proust, a sedi- 
mentologist at CNRS in Rennes. Sediments 
deposited in seas and on exposed land dif- 
fer in appearance and have distinct chemical 
compositions and fossil assemblages, mak- 
ing it easy to distinguish them. By measur- 
ing the direction of ancient magnetic fields 
frozen in rocks, the team can date the shift 
from marine sediments to continental rock 
and thus infer when the sea retreated. The 
embedded fossils, meanwhile, open a win- 
dow on the links between the sea’s retreat and 
regional climate. 

For the CNRS team, gaining access to 
inhospitable terrain is only half the battle. To 
precisely date the Paratethys Sea’s advances 
and retreats, Proust says, the researchers 
must locate intact outcrops that haven’t been 
twisted by mountain building. 

About a week into their field campaign 
in Tajikistan, the researchers stumble upon 
just such a rock sequence. Below the rim of 
a canyon, they identify a massive section of 
marlstone, a type of soft lime-rich mudstone 
formed in shallow water. “Welcome to 
the Paratethys,” says Jovid Aminov, a 
graduate student at the Institute of Geology 
in Dushanbe, Tajikistan’s capital. Several 
meters away lies another clue that the area 
was once submerged: scads of fossilized 
oyster shells, some topping 14 centimeters in 
length, embedded in the marlstone. 
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Deeper in the canyon, 
Dupont-Nivet crouches on a slab 
of green rock, examining its fine 
grain studded with fossilized fish 
scales. “This was likely a deep 
marine environment with quiet 
waters,” he says. Alternating 
layers of green limestone 
(seabed) and red continental 
sandstone (dry land) divulge 
when the Paratethys advanced 
and retreated, until the beginning 
of continuous continental rock 
demarcating the end of the final 
sea incursion. 

To connect other dots on 
the map, the researchers have 
surveyed in western China and 
southern Kyrgyzstan. “The 
sequences of the rock layers 
are exactly the same, and they host very 
similar fossils,” says team member Roderic 
Bosboom, a graduate student at Utrecht 
University in the Netherlands. This suggests 
that “the rocks shared the same history” 
and were once connected by the Paratethys 
before the rise of big mountains, he says. 

Dating the limestone-sandstone 
transition at various locations, the team 
has found that the Paratethys Sea retreated 
westward, from China to Kyrgyzstan and 
finally to Tajikistan. The retreat wasn’t 
uniform: The sea shrank and expanded five 
times, with each expansion more anemic 
than the previous one, as revealed by thinner 
and thinner marlstone layers and more 
dominant fossils of shallow-water fauna. 


Paratethys Sea 


Turan Sea 


Mediterranean Tethys 
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High and dry. Laurie Bougeois examines an oyster shell, which 
may yield clues to the ancient marine environment. 


“The sea got shallower and receded more 
rapidly,’ Bosboom says. The researchers 
peg the last two retreats from Central Asia 
to 41 million and 37 million years ago (see 
map, below). 

Other team members are probing 
whether the sea’s demise triggered the 
drying in Central Asia. The giant oysters 
may have a story to tell. For instance, in 
summertime, when the mollusks have 
an ample food supply, they accumulate 
calcite, forming light-colored layers in 
their shells. In winter, as they conserve 
energy, their shells tend to store darker 
organic matter. Thus, the thicknesses of 
the alternating light and dark bands in 
the shells reflect seasonal temperature 


Beginning of the Big Dry. Researchers have dated the Paratethys’s final two retreats. Now they hope to 
decipher why the sea vanished and how its loss shaped Central Asia’s climate. 
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Time Capsule in the Desert 


BEIJING—Wind-sculpted mounds and bizarre rock formations dot the 
Qaidam Basin, a mineral-rich swath of the northern Tibetan Plateau 
spanning 125,000 square kilometers of western China. “Setting foot in 
the Qaidam is like landing on Mars,” says Fang Xiaomin, a geologist 
here at the Institute of Tibetan Plateau Research of the Chinese Acad- 


Martian-like chronicles. Desolate Qaidam Basin contains fossil and climate 
records tracing the transformation of Central Asia over tens of millions of years. 


emy of Sciences. But deep beneath this forbidding landscape are lost 
worlds: traces of gigantic freshwater lakes and lush forests that gave way 
to steppe and desert over tens of millions of years. 

Fossils tell part of that story. Over the past 23 million years, 
“massive faunal turnovers” in the region accompanied the shift to a 


more arid climate, says Wang Xiaoming, a paleontologist at the Natural 
History Museum of Los Angeles County in California. One strange deni- 
zen was a shovel-tusked elephant that inhabited the swampy edges of 
lakes 16 million years ago, indicating that substantial freshwater bodies 
persisted long after the final retreat of the Paratethys Sea about 37 mil- 
lion years ago (see main story). The death knell for these lakes came in 
the last few million years, as reflected in a fish species whose bones were 
so stout that they left little room for flesh. Its bones thickened, appar- 
ently, as mineral concentrations soared in the shrinking lakes. “Their 
body just couldn't get rid of so much minerals and, therefore, stored 
them in the bones,” Wang says. 

To develop a more complete picture of the region’s climate convul- 
sions, Fang and his colleagues over the past 5 years have been drilling 
into Qaidam’s 15-kilometer-thick sediments. So far, they have retrieved 
cores from as deep as 4.3 kilometers below the surface: “the first con- 
tinuous terrestrial records going back to the base of the Miocene,” 
23 million years ago, Fang says. 

These “pristine records” should help tease out the factors that trig- 
gered and sustained the drying in Central Asia, says Guillaume Dupont- 
Nivet, a geologist at the National Center for Scientific Research in 
Rennes, France, who is not involved in the project. So far, one intriguing 
finding from the sediment cores is a pronounced stretch of aridity about 
7 million years ago that was out of step with global climate as written 
in marine records. Around that time, the northern Tibetan Plateau was 
rising to full height, says Fang, who suspects that “mountain building 
might have played a dominant role” in the drying by blocking moisture 
from the south. 

Fang hopes to muster support to drill down another 5 kilometers, 
into 50-million-year-old sediments. That would allow the team to 
penetrate a formative time for Eurasia, when the Tibetan Plateau was 
first rising, levels of atmospheric carbon dioxide were falling, and the 
Paratethys Sea was beginning to retreat. There, they might find clues to 
how those forces conspired to turn a verdant Asia into today’s austere 
landscape. -j.Q. 


variations. Meanwhile, a shell’s magnesium 
and oxygen isotopes reveal precisely the 
temperature and salinity of surrounding 
seawater. By analyzing hundreds of oyster 
shells collected across Central Asia, the 
scientists intend to piece together how 
environmental conditions changed at 
different stages of the sea’s retreat. 

One clear signal in the fossil record 
is pollen recovered from 40-million- to 
30-million-year-old rock layers showing 
that plants that thrive in dry climates came 
to dominate Central Asia. That shift has 
been commonly attributed to the rise of the 
Tibetan Plateau, which impedes moisture 
transport from the south. That the drying took 
place at the same time as the Paratethys Sea’s 
death throes is surely no coincidence, says 
Matthew Huber, a climate scientist at Purdue 
University in West Lafayette, Indiana, who 
is not affiliated with the project. East of the 
Paratethys, he says, “a drying signal may have 
nothing to do with the uplift, but rather may 
be related to how far away the sea was.” 


Paleoclimate data may also hold clues 
to another mystery: why the Paratethys 
retreated. The sea, Dupont-Nivet says, 
receded at a time when global atmospheric 
CO, levels fluctuated before falling 
precipitously, transforming the hothouse 
world tens of millions of years ago into one 
more closely resembling the present day. 
This “triggered glaciation in Antarctica 
and caused a massive drop in the global sea 
level,” Dupont-Nivet says, and “might have 
led to the ultimate demise of the Paratethys.” 

The driver for the sharp decline in CO, 
levels is “one of the greatest riddles in 
the Earth’s climate history,” says William 
Ruddiman, a climate scientist emeritus at 
the University of Virginia in Charlottesville. 
In 1998, he and colleagues proposed that 
mountain building accelerated the process 
of chemical weathering, which sucks CO, 
out of the air as the gas reacts with freshly 
exposed rock. Ancient marine deposits also 
point to a boom in chemical weathering 
and a decline in CO, concentrations, 


says Jéroéme Gaillardet, a geochemist at 
Université Paris Diderot. But there is still 
plenty of uncertainty. “The global carbon 
cycle is extremely complicated,” he says. 
“It’s a matter of the balance between 
processes that absorb CO, and those that 
release it.” 

Over a dinner of lamb stew and flatbread 
in a hilltop camp, Dupont-Nivet explains 
how his team hopes to reveal the entire 
history of the Paratethys. Little is known, 
he says, about the sea’s first three advances 
and retreats. And there is plenty of work to 
be done in paleoclimate modeling, which he 
expects will show how the sea’s retreat and 
the Tibetan Plateau’s rise conspired with 
other climate factors to transform Eurasia. 
In the quest to truly understand the legacy of 
the long-lost Paratethys Sea, Dupont-Nivet 
says, we’re “only at the beginning.” 

—-JANE QIU 
Jane Qiu is a writer in Beijing. Her trip to Tajikistan was 


supported by a journalism fellowship from the European 
Geosciences Union. 
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MEDICINE 


A Pancreas ina Box 


Sophisticated sensors, insulin pumps, and algorithms may help give type 1 diabetics 
a more normal life while researchers work on a cure 


One morning last April, a woman named 
Jane checked out after an overnight stay in 
Addenbrooke’s Hospital in Cambridge, U.K. 
She had spent 24 hours connected by tubes 
to several medical devices—mostly bored, 
she says, but also “mildly apprehensive.” 
Now, she was taking them home to do some- 
thing she hadn’t done for 3 decades, some- 
thing that she and the rest of the world’s 
30 million type 1 diabetics are never able 
to do: forget about her diabetes. 

The devices—an insulin pump, a blood 
glucose sensor, and a computer about 
the size of a paperback book—make up a 
prototype of what researchers call an arti- 
ficial pancreas. Together, they replicate the 
function of the pancreas that is lacking in 
diabetics: producing insulin in response 
to rises in blood glucose level. Groups in 
Europe, the United States, and elsewhere are 
now testing such systems in small groups of 
patients, hoping to show that the technology 
can work efficiently and safely. If so, it could 
transform the lives of diabetics, improving 
their health and allowing them something 
closer to an ordinary life. After controlling 
her diabetes with blood tests and injections 
for most of her life, having an artificial pan- 
creas “would be magical,” Jane says. 

With its tubes and needles and gadgets, 
an artificial pancreas is not an elegant solu- 
tion to the problem of diabetes. But research- 
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ers say it could provide a valuable stopgap 
until effective biological treatments—or 
even cures—come along. The principle is 
simple: Connect a commercially available 
glucose sensor to a commercially available 
insulin pump via a computer programmed 
to interpret the sensor readings and decide 
how much of the drug is needed. But imple- 
menting it has turned out to be far from 
straightforward. Controlling the level of 
sugar in the blood from outside the body is 
fiendishly difficult because sensors are slow 
and error-prone, while injected insulin can 
take hours to have an effect and overdoses 
can be fatal. For a person with diabetes, 
used to calculating insulin doses multiple 
times every day and dealing with the conse- 
quences, handing over that 
responsibility to a com- 
puter is daunting. Patients 
may be clamoring for such 
a solution, but researchers 
will have to convince them 
that it is safe. 

Glucose, ingested in 
the form of sugar and 
other carbohydrates, is the 
body’s energy source. But 
without the hormone insu- 
lin to help glucose out of 
the bloodstream and into 
cells, muscle and brain 
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“We're trying to do 
this invisibly and 
automatically. 
But we need faster 
insulin and we need 
faster [sensors].” 
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Rest easy. An artificial 
pancreas will protect diabetics 
from low blood sugar 

while sleeping. 


can’t consume it, and liver 
and fat tissue can’t store 
it for later use. Type 1 
diabetics, whose condi- 
tion develops early in 
life, lack insulin because 
their own immune sys- 
tem has attacked insulin- 
producing cells in their 
pancreas known as B 
cells. (Another form of 
diabetes, type 2, usually 
affects older people and 
results from insensitiv- 
ity to insulin rather than a 
lack of it.) 

Before the discovery of insulin in the 
early 1920s, type 1 diabetics would sim- 
ply wither away, fall into a coma, and die 
within months or years. In the developed 
world at least, today’s diabetics (including 
the writer of this article) can live a relatively 
normal life—although one dominated by a 
never-ending round of blood sugar tests, 
usually achieved with a finger prick to 
draw blood and an electronic meter, insulin 
injections, and meals carefully weighed 
to estimate how much carbohydrate is 
being eaten. 

The consequences of getting it wrong 
can be severe. Give slightly too much 
insulin and glucose in the blood drops to low 
levels. Starved of fuel, the brain first shows 
symptoms similar to drunkenness, followed 
by unconsciousness and even death. Allow 
sugar levels to get too high and the syr- 
upy blood can damage delicate blood ves- 
sels, leading to long-term complications 
that include heart disease, blindness, kidney 
failure, and limb amputation. Completely 
uncontrolled blood sugar leads to a coma 
and a trip to the hospital 
by ambulance, which is 
how many type | diabetics 
find out that they have the 
disease. So living with 
diabetes is a continual bal- 
ancing act: trying to keep 
blood sugar levels close to 
those of a normal person 
using sporadic and erratic 
information (finger-prick 
tests) and inadequate tools 
(injected insulin). 

Researchers worldwide 
are working on biological 
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cures for type 1. But progress is slow, and it 
could be many years or even decades before 
they are ready for widespread use. So, over 
the past decade, many researchers and phy- 
sicians have begun working on a technologi- 
cal solution—the artificial pancreas—to fill 
the gap. Their job has been made easier by 
huge advances in diabetes management— 
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tests do—but again, because of their high 
cost very few diabetics now use them. 

“The advent of a portable, reliable CGM 
was the missing link” that encouraged 
funders to take the idea of an artificial pan- 
creas seriously, says Aaron Kowalski, vice 
president for treatment therapies at JDRF, 
a worldwide diabetes research foundation. 


es Human-controlled insulin pump 
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An artificial pancreas does this better than manual control, with fewer potentially dangerous excursions. 


new types of insulin, insulin pumps, blood 
glucose sensors—introduced by drug com- 
panies and medical device manufacturers. 
The first insulin pumps that patients 
could take home and manage themselves 
emerged in the 1980s. Today’s models, the 
size of a pager, pump insulin via a thin tube 
into the body through a cannula: a needle or 
tube inserted a few millimeters into subcu- 
taneous tissue, usually in the stomach area. 
Pumps trickle in tiny doses of insulin— 
known as a basal dose—day and night, just 
as a pancreas does. Meals call for a much 
larger and immediate dose of insulin, known 
as a bolus, which patients program into the 
pump depending on how large the meal is. 
Pumps provide better control of blood sugar 
levels than insulin injections do, but their 
high cost has limited their popularity. 
Pumps don’t eliminate the need for 
finger-prick glucose testing, but continuous 
glucose monitors (CGMs) do. Introduced 
in the late 1990s, these devices use a sen- 
sor that projects through the skin into the 
interstitial fluid between cells and measures 
its electrical characteristics to determine 
blood glucose levels. A transmitter attached 
to the body sends the results to a handheld 
receiver. CGMs give better real-time data 
on blood glucose levels than finger-prick 


JDRF set up an artificial pancreas project in 
2006 to fund research in centers and compa- 
nies in the United States and Europe. 

But it was the medical device industry 
that took the first step. In 2009, device manu- 
facturer Medtronic released the most basic 
type of artificial pancreas system: an insulin 
pump able to receive signals from a CGM 
transmitter. The hybrid device isn’t smart 
enough to control blood sugar to within a 
narrow range, but it can avert emergencies. 
The company adapted it to set off an alarm 
when blood sugar gets low; if no action is 
taken, the system simply stops the basal 
insulin dose for 2 hours. 

Such a system is ideally suited to dealing 
with low-glucose events—otherwise known 
as hypoglycemia or “hypos”—during the 
night. Nighttime hypos are particularly 
worrisome because people are unaware 
they are happening and respond too slowly 
or not at all, which can result in coma or 
hypoglycemic seizures. Medtronic’s system 
was approved for use in Europe relatively 
quickly; the U.S. Food and Drug Admin- 
istration (FDA), which is more cautious 
about medical devices, followed suit in 
September 2013. 

Medtronic’s system can stop hypos from 
getting worse, but it doesn’t prevent them in 


the first place. For that, you need an intelli- 
gent algorithm that can analyze what a user’s 
blood sugar is doing and predict what it will 
do in the future. Groups around the world 
have been working on such algorithms for a 
number of years. 

Algorithms fall into three main types. 
The simplest is a common feedback loop 
used in the industrial control industry 
called a proportional-integral-deriv- 
ative (PID) controller. This looks at 
a user’s past and current blood glu- 
cose level and, based on the rate of 
change, calculates the best insulin 
dose to restore a target glucose level. 
“It’s very simple, very intuitive,” 
Kowalski says, but many now think 
PID controllers are too simplistic for 
the complex array of factors involved 
in controlling blood sugar, including 
food ingested, the slowness of insulin 
absorption, amount of insulin already 
in circulation, and exercise. 

Many groups are working on a 
second algorithm type, which fore- 
casts future blood sugar levels on 
the basis of the diabetic’s own phys- 
iology. Such model predictive con- 
trol (MPC) algorithms “incorporate 
a model of insulin and carbohydrate 
absorption, tuned to the particular 
patient,” says Lalantha Leelarathna of the 
Institute of Metabolic Science at the Uni- 
versity of Cambridge in the United King- 
dom. The third type of algorithm attempts 
to replicate how a physician would advise a 
patient to control his or her blood sugar and 
applies the recommendation using fuzzy 
logic, which makes decisions based not on 
binary yes-no answers but on truth vari- 
ables that range between 0 and 1. “We took 
our experience and incorporated it into an 
algorithm,” says Moshe Phillip of the 
Schneider Children’s Medical Center of 
Israel in Petah Tikva. 

Researchers are now testing these more 
advanced systems by inviting subjects for 
short stays in the hospital. In 2013, several 
teams let subjects take the systems home for 
a few days, as Jane did, or test them in hotels 
or at a children’s “diabetes camp.” Not all the 
results of these trials have been published 
yet, but Kowalski says that “the results have 
been amazing, showing a dramatic decrease 
in hypos and hypers [high blood glucose] 
and a positive effect on the social aspects of 
diabetes,” such as a freedom from worry and 
a chance to lead a “normal” life. 

Some of the systems tested were designed 
to be used only at night. “Night is the most 
dangerous time,” Phillip says. Some parents 
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rise several times every night to test a sleep- 
ing child’s blood sugar. The “Glucositter” 
system that he and his team are developing 
“will change the quality of life for parents,” 
he says. 

Systems designed to work round the 
clock, however, still require some input from 
the user to deal with daytime activities such 
as eating or exercise. The huge influx of car- 
bohydrate in a meal poses perhaps the big- 
gest challenge. In a nondiabetic person, the 
B cells in the pancreas are relatively dormant 
between meals. Other cells known as © cells 
take charge and produce a hormone called 
glucagon, a sort of anti-insulin that signals 
the liver to release stores of glucose to keep 
the body ticking over. When the person sees 
and smells food and knows that a meal is on 
the way, the body starts getting ready. The 
brain turns off the @ cells and sets the B 
cells producing insulin, which in turn tells 
the liver to switch from secreting glucose 
to storing it. Within 10 minutes, the body is 
primed and ready to digest the meal. 

In a diabetic, the 
body can’t prepare in 
this way. And because 
injected insulin can take 
up to 2 hours to reach 
peak activity, a patient’s 
blood sugar level often 
rises above the target 
range in the hours after 
a meal before leveling 
off as the insulin takes 
effect. With an artificial 
pancreas, the situation 
is even worse because 
the CGM takes time to 
detect the meal: half an 
hour or more for the car- 
bohydrate to reach the 
bloodstream, 15 min- 
utes for it to reach the 
interstitial fluid where 
it can be detected, and 
another 6 to 15 minutes for signal process- 
ing. Algorithms also have trouble gauging 
the size of a meal from the scanty informa- 
tion the CGM provides early in the digestive 
process. So the device could easily adminis- 
ter too much insulin and—because the hor- 
mone remains active in the body for up to 
4 hours—trigger a hypo hours later. 

To get around this problem, some 
researchers require users to warn the sys- 
tem that a meal is on the way. The artificial 
pancreas can then either base a dose on a 
user’s estimate of how much carbohydrate 
he or she is about to eat, or simply admin- 
ister a starter dose of insulin and then top 
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up as necessary once blood sugar read- 
ings begin to rise. Users may soon be able 
to assist the system by taking a premeal 
puff from an insulin inhaler. The drug com- 
pany MannKind Corp. has developed a 
very quick-acting inhalable insulin called 
AFREZZA. FDA turned AFREZZA down 
for approval in 2011 because the agency 
wanted more information, but MannKind 
resubmitted the product in October and 
hopes for approval in April 2014. 

Such approaches help reduce postmeal 
blood sugar peaks and later troughs. Many 
researchers, however, want to provide a fully 
hands-free system. “We’re trying to do this 
invisibly and automatically. But we need 
faster insulin, and we need faster CGMs,” 
says chemical engineer Frank Doyle of the 
University of California, Santa Barbara. 
Companies are working on ways to speed 
insulin into the bloodstream by altering its 
molecular structure or using drugs or small 
electric heaters to change the properties of 
skin and tissue. 


Technological fix. In an artificial pancreas, a glucose sensor (on stomach, left) transmits readings to 
a controller (here in a smartphone), which instructs an insulin pump to administer the required dose. 


Perhaps the fastest approach is to inject 
insulin straight into the abdominal cavity 
near the liver and pancreas, where it can 
get to work instantly and signal the liver to 
halt releasing glucose before a meal. “This 
would speed up considerably what you can 
do with a fully automatic system,” Doyle 
says. The pharmaceuticals company Roche 
has developed a permanent injector called 
DiaPort, but because of the complications 
of a permanently inserted device, only a tiny 
number of diabetics now use it. 

Others are working on making CGMs 
faster and especially more reliable. Current 
systems are not only slow to respond but can 
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also make mistakes. Miscalibration, a dis- 
lodged sensor, or a loss of sensor sensitivity 
can cause spuriously high readings of blood 
glucose, resulting in a serious hypo. “Out- 
liers are the main problem,” says Kowalski, 
who believes developers will have to use 
techniques from critical systems engineer- 
ing, such as redundant sensors and failure 
analysis, to spot erroneous readings. 

Alternatives to the electrochemical 
signals now used to detect glucose could 
also yield better CGMs. Some makers are 
developing sensors that shine light through 
the skin and look for wavelengths that glu- 
cose absorbs. Other systems inject proteins 
that fluoresce in the presence of glucose 
and use light sensors to spot the telltale 
glow. JDRF is now working with several 
companies to develop a single sensor that 
uses both electrochemical and optical tech- 
niques as a fail-safe. 

Another safety mechanism employs a 
pump that can separately dispense both 
insulin and the anti-insulin hormone 
glucagon. When blood 
glucose readings dip too 
low, a squirt of glucagon 
quickly brings them up 
again. A team at Bos- 
ton University tested the 
idea using two pumps in 
2013 with “very, very 
impressive results,” 
Kowalski says. JDRF is 
working with the device 
manufacturer Tandem 
Diabetes Care on a 
dual-hormone pump. 
Right now, glucagon is 
not stable in solution 
for long periods, but 
drug companies are 
working on a reformu- 
lated long-lasting ver- 
sion of the hormone. 

Whether developers 
will ever get to a fully automated system 
that diabetics can insert and forget remains 
to be seen. But “we shouldn’t let perfect be 
the enemy of good,” Kowalski says. Stuart 
Weinzimer of the Yale University School 
of Medicine agrees: “We don’t need these 
things to be perfect. It doesn’t matter what 
system is best. Just make them available to 
market and let clinicians decide.” As for 
those who stand to benefit from an artificial 
pancreas, Jane says, all that matters is that 
the devices work. In that case, pump and 
tubes notwithstanding, “it will feel like not 
having diabetes.” 

—-DANIEL CLERY 
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Antibiotics: Call for Real Change 


IN HIS EDITORIAL “TIME TO DEAL WITH ANTIBIOTICS” (15 NOVEMBER 
2013, p. 777), D. Kennedy mentioned our assessment of the impact 
of the Pew Commission on Industrial Farm Animal Production 
(IFAP) (/). We support his call to end the misuse of antibiotics in 
animal agriculture. We believe, however, that finalization of the U.S. 
Food and Drug Administration (FDA) guidance documents will not 
have a meaningful impact on the way these life-saving drugs are 
administered to animals; thus, they will not slow the 
contribution of IFAP to our rapid progression toward 
a postantibiotic era. 

These guidances—nonbinding pleas for the coop- 
eration of drug companies—do not call for an end to 
the use of antimicrobials in the absence of a microbial 
a _ disease or documented disease exposure, as recom- 
4 mended by the Commission (2). Instead, they would 

effectively rebrand uses currently labeled “growth pro- 
motion” as “disease prevention.” Like growth promotion, prophylac- 
tic uses entail low, subtherapeutic doses and can span much of the ani- 
mal’s life span. They apply continuous selective pressure for antibiotic 
resistance and may even induce new resistance-conferring mutations 
(3). Furthermore, the FDA’s proposal for veterinary oversight would 
eliminate the federal requirement that a valid “veterinarian-client- 
patient relationship” exist before veterinarians order the use of antibi- 
otics in feed, allowing veterinarians to prescribe antibiotics for use at 
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operations they have not visited recently for administration to animals 
they have never seen. 

The head of a large drug company recently told The Wall Street 
Journal that the guidances will not substantially affect revenues (4), 
implying that minimal changes to antibiotic sales are expected. This 
explains why companies support voluntary limits on their products: 
The limits will have little practical effect. 

We share Kennedy’s assessment of the problem, but instead would 
call for meaningful regulation—comparable to what he attempted as 
FDA commissioner almost four decades ago—to curb irresponsible 
antibiotic use. If such efforts fall short, legislative relief is needed. 

KEEVE E. NACHMAN,®* TYLER J. S. SMITH, ROBERT P. MARTIN 


Environmental Health Sciences, Johns Hopkins Bloomberg School of Public Health, 
Baltimore, MD 21205, USA. 


*Corresponding author. E-mail: knachman@jhsph.edu 
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Low-Dose Use 


IN HIS EDITORIAL “TIME TO DEAL WITH ANTI- 
biotics” (15 November 2013, p. 777), D. 
Kennedy correctly calls again (as he did in 
the 1970s) for curbs on the overuse of anti- 
biotics on industrial farms, where excessive 
animal crowding has favored the likelihood 
of disease and the perceived need to rely on 
low-dose prophylactic antibiotics to stifle 
outbreaks. 

It is critical to recognize that veterinari- 
ans must continue to have access to effective 
antibiotics to treat animals that are clinically 
ill from bacterial infections. Such treatment 
entails the targeted use of therapeutic doses 


for short periods of time at concentrations 
that are capable of achieving high bacterial 
kill rates. However, the practice of routinely 
administering antibiotics at low-dose con- 
centrations in feed and water for extended 
periods of time to large populations of ani- 
mals that lack signs of clinical illness is the 
surest way to spawn resistant bacteria (/). 
Even more threatening, and many would 
say unethical, has been the industry’s use of 
low-dose antibiotics for purposes of growth 
promotion in healthy animals. 

Although the FDA has recently deter- 
mined the use of antibiotics for growth pro- 
motion to be injudicious, it continues to 
condone the use of low-dose antibiotics in 
feed and water for disease prevention (2). 


Kennedy states that the FDA Guidance for 
Industry #213 “would end antibiotic use for 
growth promotion” and restrict prophylac- 
tic use in feed and water to veterinary pre- 
scriptions, but it must first be recognized 
that this is a guidance document only and 
has no enforcement authority. Furthermore, 
if low-dose concentrations of antibiot- 
ics continue to be allowed for preventive 
use (even by prescription), they provide a 
“back door” through which growth pro- 
motion effects can still be exploited under 
another name, thereby incentivizing indus- 
try to secure the needed prescriptions and 
essentially continue business as usual. In 
this respect, Kennedy’s enthusiasm for the 
new FDA guidelines may be overly optimis- 
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tic. Rather, to truly deal with antibiotics, we 
are going to have to find innovative ways to 
reconfigure the production environments 
on animal farms that are grounded in sound 
husbandry principles and obviate the need 
for low-dose antibiotics in any form. 
RAYMOND J. TARPLEY 
College of Veterinary Medicine and Biomedical Sciences, 


Texas A&M University, College Station, TX 77843, USA. 
E-mail: rtarpley@cvm.tamu.edu 
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Science for Sale: Fair 


Evaluation Standards 


IN HER NEWS FOCUS STORY “CHINA'S PUBLICA- 
tion bazaar” (29 November 2013, p. 1035), 
M. Hvistendahl points out that many scien- 
tists and organizations are starting to abandon 
the use of impact factors to evaluate a single 
researcher. Science leaders in China are con- 
sidering new standards as well, such as total 
paper citations. 

The use of the Science Citation Index 
(SCI) may have some disadvantages, such as 
the financial incentives to forgery described 
in the article. However, in China, it may 
be the fairest standard to assess scientists. 
Without the SCI standard, the chance of get- 
ting research funding in China would be 
entirely based on the scientist’s relations with 
government. Using total paper citations or 
number of patents awarded would have simi- 
lar problems, because both of these metrics 
can be influenced by money. 


Letters to the Editor 


Letters (~300 words) discuss material published in 
Science in the past 3 months or matters of gen- 
eral interest. Letters are not acknowledged upon 


receipt. Whether published in full or in part, Let- 
ters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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Thus, although the SCI or impact factor 
system has drawbacks, it is still a fair stan- 
dard. More research is needed to build a sys- 
tem, based on impact factor or SCI, in which 
cheaters stand to lose more than they gain. 

CAI LUO 


Department of Automation, Tsinghua University, Beijing, 
100084, China. E-mail: luo_cai@tsinghua.edu.cn 


Science for Sale: 
Authorship Confirmed 


IN HER NEWS FOCUS STORY “CHINA'S PUB- 
lication bazaar” (29 November 2013, p. 
1035), M. Hvistendahl highlighted the 
issue of scientific articles being for sale in 
China. This problem is not widely known by 
journal editors outside of China. The arti- 
cle indicated that a meta-analysis published 
in the Canadian Journal of Neurological 
Sciences (CJNS) was available for sale on 
21 August 2012 on Core Editing’s blog, 
before submission of the paper to CJNS. 
At CJNS, we conducted an investigation of 
the paper in question. The corresponding 
author was able to provide detailed informa- 
tion of their data analysis, including screen 
shots of a list of files used for data analy- 
sis from the first author’s computer, output 
from the data analysis program used, copies 
of handwritten notes used for data analysis, 
records of discussion between the authors 
regarding the results, and previous versions 
of the paper. The authors also provided 
records of e-mail correspondences from 
February 2012 between the first author and 
the author of a paper included in the meta- 
analysis in which the first author asked and 
obtained data for the meta-analysis. These 
e-mail communications were independently 
verified by the U.S.-based author who pro- 
vided the additional data. On the basis of 
this information, we concluded that the 
paper published in CJNS was the work of 
the first and the corresponding author of the 
paper. 

ROBERT CHEN 
Department of Medicine (Neurology), Toronto Western 
Hospital, University of Toronto, Toronto, ON M5T 2588, 


Canada and Editor-in-Chief, Canadian Journal of 
Neurological Sciences. E-mail: robert.chen@uhn.ca 
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Science for Sale: 


Improve Ethics Education 


WE APPLAUD SC/ENCE FOR ITS INVESTIGATIVE 
journalism on “China’s publication bazaar” 
(M. Hvistendahl, News Focus, 29 November 
2013, p. 1035). This article should stimu- 
late other journals to undertake similar 
research. Indeed, we would like to suggest 
that conducting such research become a 
standard component in the responsible con- 
duct of research courses now required of 
all National Science Foundation (NSF)— 
funded students and postdocs. 

Unfortunately, the NSF requirement is, 
at many universities, met with minimalist 
online courses. Even at our own institution, 
there has been resistance to making ethics 
education mandatory for all graduate stu- 
dents. We believe that just as true science 
and engineering education requires origi- 
nal research or experimental designs rather 
than simply learning the results of others’ 
work, ethics education should include more 
than studying classic ethical theory, profes- 
sional codes, and case studies. This would, 
however, require turning a one-credit course 
into a more substantial effort. Such a course 
would not only enhance ethics education. It 
could well benefit the fields of science and 
engineering, as well as the ways in which 
these fields serve society. 

Finally, we would recommend that 
courses in research ethics be required of 
all graduate students, not solely those who 
receive support from NSF or National 
Institutes of Health grants. 

CARL MITCHAM* AND ROEL SNIEDER 


Colorado School of Mines, Golden, CO 80401-1887 USA. 


*Corresponding author. E-mail: cmitcham@mines.edu 


CORRECTIONS AND CLARIFICATIONS 


News Focus: “China’s publication bazaar” by M. Hvistendahl 
(29 November 2013, p. 1035). Wang Mouyue, managing 
director of the Chinese Medical Journal, was quoted incor- 
rectly due to an error in transcription from the original 
Chinese. The article quotes Mr. Wang as saying that “China's 
paper-selling market is very large, and there’s every sort of 
agency imaginable out there.” He actually said: “China's 
paper-publishing market is very large, and there’s every sort 
of agency imaginable out there.” Also, the article stated that 
the Journal of Zhejiang University-SCIENCE is not indexed in 
SCI. The three journals under the title Journal of Zhejiang 
University-SCIENCE are all listed in SCI Expanded. The PDF 
and HTML versions online have been corrected to reflect these 
changes. In addition, the article described how Core Editing 
had advertised authorship for sale on 12 papers listed on its 
blog. The corresponding author of one of these papers, later 
published by the Canadian Journal of Neurological Sciences, 
has since provided documentation to Science and to the edi- 
tor of the Canadian Journal of Neurological Sciences indicat- 
ing that none of the authors paid to have their names added 
to the paper. 
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People Flocking to China's Cities 


Xin Meng 


ffecting us all, China’s economic 

growth is reallocating income 

around the world—cheaper imports 
for consumers and more competition for 
local manufacturing, leading to job loss, 
higher commodity prices, and greater income 
for commodity exporters. How can we learn 
more about the second-largest economy in 
the world? One first step on that fascinating 
knowledge journey of 1000 li is to read Tom 
Miller’s balanced, insightful, and detailed 
China's Urban Billion. 

Journalist Miller (China Economic Quar- 
terly) tells the story of the movement of 200 
million rural Chinese to the cities, which has 
fed the extraordinary Chinese growth. He 
focuses on the past impacts of mass migra- 
tion and an analysis of policy choices and 
their likely effects on future migration, Chi- 
nese city growth, and Chinese well-being. 

Miller believes there are two important 
political obstacles that must be overcome to 
ensure a high-growth future with improved 
social outcomes. The first is the household 
registration system (hukou), which divides the 
Chinese into two groups: the urban privileged 
(with higher incomes and better jobs, edu- 
cation, and access to the social welfare sys- 
tem) and the rural disadvantaged (with lower 
incomes, lower-quality schools, restricted 
opportunities for urban employment, and 
no access to the city welfare system). Hukou 
was designed in the early 1950s to reduce 
the cost of industrialization (through lower 
costs of raw materials and urban living) and 
to facilitate affordable full employment and 
full social welfare for the urban sector. For 
the following 30 to 40 years, it ensured low 
geographic mobility. 

Two decades ago, the hukou system— 
driven by economic growth and excess labor 
inrural areas—began to break down in regards 
to where individuals can work as more rural 
workers moved to the cities to seek higher 
incomes in manufacturing and construction. 
But hukou has been retained as a means of 
restricting access to good city jobs, welfare, 
and social services. As a result, most rural 
migrants remain second-class, temporary, 
and low-paid citizens in cities. They return 
home to get married, to have children, and 
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when unemployed or ill. Par- 
ents often leave their children 
behind in rural areas, where 
they receive less parental care 
and a poor education. The 
system not only is extremely 
unfair but also constrains Chi- 
na’s future economic growth. 
It shortens migrants’ stay in 
cities, reduces the supply of 
much-needed low-skilled labor, and restricts 
migrant workers’ ability to accumulate human 
capital through on-the-job training. 

It seems self-evident that hukou must 
break down. And, as each year passes, the 
system becomes a little less binding. How- 
ever, it remains restrictive, and removing 
it completely will probably require major 
reform. How and when this reform will take 
place is the difficult part. Miller explains how 
such reform goes to the heart of the politics 
and economics of the Chinese federal sys- 
tem and how some cities have adjusted more 
than others. His detailed analyses of various 
experiments in different cities and the pub- 
lic finance implications of hukou removal are 
particularly good. 

A second, and related, obstacle to high 
future growth rates and increasing Chinese 
well-being is land-tenure reform. Currently, 
rural land is owned by and can only be sold by 
the local collective. Individuals have no rights 
to particular pieces of land. Rural people can- 
not achieve high incomes across the board 
when so many still live and work on small 
land plots. In the long run, large numbers of 
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people must permanently move off the farms, 
as they have done in most societies as those 
have become richer. But to move means to 
give up the income cushion that the land pro- 
vides. Hence, revising hukou 
to develop a nationwide wel- 
fare system intertwines with 
land reform. 

If we look back in time or 
across many current poorer 
nations, large population 
movements to the cities have 
been accompanied by increas- 
ing poverty, rising crime, 
spreading slums, and poor 
living conditions. China has 
largely avoided these outcomes. The issue is 
whether it can continue to do so through a shift 
to a migration system without hukou and to a 
deregulated land market. Miller spends a great 
deal of time discussing that question, and he 
provides considerable detail as to progress 
across different cities. There remain, however, 
many questions without easy answers: How 
can rural migrants with families move to cit- 
ies on a permanent basis given that current 
urban housing prices remain so far above what 
migrants can afford? Can cheap housing be 
provided on a large scale in cities without for- 
mation of ghettos? Does the future lie in small 
towns rather than mega cities? For example, 
recent studies on urbanization in China have 
found that most Chinese cities are too small to 
be economically viable. Whereas, if the aver- 
age size of cities at the prefecture level can be 
doubled, their value added per worker could 
be increased by 20 to 35 percent (/—3). 

China’s Urban Billion offers something 
for everyone, lay reader and expert alike, to 
think about. I do, however, have a quibble. I 
wonder whether Miller is right when he asks 
if “Chinese leaders are willing to forgo short- 


Heading home. Migrant laborers in Beijing, waiting for their trains back to the country. 
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term economic gains and make the changes 
needed to create a healthier form of urbaniza- 
tion?” Although China’s urbanization seems 
certain to proceed further along the reform 
path, I don’t see that journey necessarily 
involving a trade-off of short-term economic 
gains. Future reforms (some of which were 
announced at the recent Third Plenum of the 
18th Communist Party of China, as part of the 
next round of changes) could proceed in an 
experimental manner, with careful evaluation 
of the effects on potential winners and losers 
before they are introduced across the whole 
country (as was done during the previous 
economic reforms). If that path is followed, I 
believe that future Auwkou and land reform can 
lead to better outcomes all around. 
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FICTION 
Biogeek Catastrophe 


Michael A. Goldman 


he conclusion to a dystopian trilogy 
that began ten years ago with Oryx 
and Crake (1), Margaret Atwood’s 
MaddAddam is an example of what I call firm 
science fiction—not quite hard, but not quite 
soft, either. It’s grounded in the plausible sci- 
ence of the very near future (or of today) but 
is by no means didactic about that science. 
Atwood likes to call it speculative fiction. 

I should warn you to read Oryx and 
Crake and The Year of the Flood (2) before 
you plunge into MaddAddam. But I won't. 
Atwood provides a superb summary at the 
start of the novel, a far better synopsis than 
I could give you. Moreover, reading any of 
the Canadian author’s work is dangerous. It 
might make you a fan and send you back to 
earlier works, such as The Handmaid's Tale 
(3), which swept up a few science fiction 
awards in the 1980s. It could make you join 
her cultlike following on Facebook or Twitter. 
And it’s a good way for scientists to blend in 
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at a cocktail party with their friends in the arts 
and humanities. Atwood has touched every 
branch of literature, from poetry to science 
fiction. It’s grand to see her versatility and to 
have her skill at bringing science into main- 
stream literary thought. 

MaddAddam joins a host of recent dysto- 
pian novels. It incorporates overpopulation, 
climate change, genetic engineering, and a 
new cyberreality that threatens the future of 
our species, threats to which we must either 
adapt in some way or face an ungraceful 
extinction. The frightening part is that these 
themes aren’t simply fiction. We are assaulted 
daily with evidence of a deteriorating, unpre- 
dictable climate; an ever-growing popula- 
tion; diseases we can’t fight; terrorism; and 
a maturing cybercrimes industry. I think we 
need to pay attention. 

I tend to get lost rapidly in dictionaries of 
unconventional names, unprecedented crea- 
tures, novel biologies, and 
anthropologies, so I will 
leave out most of the jargon 
here. MaddAddam’s world is 
one in which a few biotech- 
nology companies and other 
firms have come to control 
the world. There’s even a reli- 
gion built around the petro- 
leum industry (the Church of 
PetrOleum). Their employ- 
ees live and work in com- 
pounds, seldom mixing with the “pleeblands” 
beyond, which evokes a picture of life in Los 
Angeles at the time of Blade Runner. The 
oceans have risen—Santa Monica is now 
called the “floating world” 


MaddAddam 
A Novel 


—and resources 
have become scarce. Genetically engineered 
creatures have become the norm. “Chicky 
knobs,” or headless, live chickens, were intro- 
duced in Oryx and Crake. Pigs with human 
organ tissue, called pigoons or Pig Ones, 
frolic among skunk-rats, and it isn’t even clear 
that most of the remaining humans are what 
we'd recognize as human. 

The characters inhabit a time of mod- 
ern gadgetry and a virtual world in which 
they can meet in secret. One scientist, Glenn 
(later known as Crake), takes it upon himself 
to create a new race of humans without the 
faults of the old. They come to be known as 
the Crakers. These simple creatures are inca- 
pable of war and jealousy and feed on leaves 
so they don’t need agriculture. Satisfied with 
them, Crake releases a “feel good” pill called 
BlyssPluss through HelthWyzer that has an 
untoward side effect—a virus that kills all 
but a few surviving humans, in what’s known 
as the waterless flood. MaddAddam recounts 
the origins of the oral and then written cre- 


VOL 343 
Published by AAAS 


by Margaret Atwood 
Doubleday, New York, 2013. 415 


pp. $27.95. ISBN 9780385528788. 
McClelland and Stewart, Toronto. 
C$32.95. ISBN 9780771008467. 
Bloomsbury, London. £18.99. 
ISBN 9781408819708. 


BOOKS er 


ation mythology of the new world. The Crak- 
ers will inherit the Earth, and one among 
them, called Blackbeard, is writing its history. 

To give you a feel for a typical scene, just 
after the peaceful Crakers free the Painballers 
(you can guess they’re no fun) 


The Crakers all started talking at once. 
“Snowman must stay with us! We must put 
Snowman back into his tree.” “That is what 
he likes, he likes a tree.” “Yes, only he can 
talk with Crake.” “Only he can tell the words 
of Crake, about the Egg.” “About the chaos.” 
“About Oryx, who made the animals.” “About 
how Crake made the chaos go away.” “Good, 
kind Crake.” They began singing. 


The characters Adam and Zeb keep 
in touch with each other through “a bio- 
geek challenge game called Extinctathon. 
Monitored by MaddAddam, it said: Adam 
named the living animals, 
MaddAddam names the 
dead ones. Do you want to 
play?” Some of the names 
used in the book are aliases 
of people participating in 
Extinctathon. 

Atwood has character- 
ized her novel as hopeful 
because a few humans are 
still surviving at the end 
(4). Her narrative imposes a 
population bottleneck, and we’ve seen those 
before in the course of human evolution. But 
do we really need another flood? Are things 
really getting that bleak? I like to think not, 
but I suppose averting the flood wouldn’t 
make much of a story. 

Reading MaddAddam can be rough going 
for those accustomed to straightforward sci- 
ence, and it can be disturbing at times. But 
Atwood, who comes from a family of sci- 
entists, is no mindless critic of the scientific 
enterprise. And the chance to read a great 
novelist talking about the very science we do 
every day is far too worthwhile to pass up. 
Although science themes in mainstream lit- 
erature sometimes make us practitioners look 
mad, in the end they foster understanding and 
form a crucial part of public education about 
science. 
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Coping with Uncertainty 
in Space Science Planning 


Charles Kennel and Alan Dressler’ 


olitical gridlock is spreading a miasma 
P of uncertainty over the space sciences 

in the United States. Neither those who 
give science advice nor those who receive it 
have a clear grasp of what the future holds, 
a reality for the U.S. National Aeronau- 
tics and Space Administration (NASA) that 
was underscored in NASA 8 Strategic Direc- 
tion and the Need for a National Consensus 
(1). This report concluded that “There is no 
national consensus on strategic goals and 
objectives for NASA. Absent such a consen- 
sus, NASA cannot reasonably be expected to 
develop enduring strategic priorities for the 
purpose of resource allocation and planning.” 

Given the divergence in political views, 
consensus is out of the question for the 
moment. Even if there were clear political 
direction, the space sciences would still be 
hostage to NASA’s internal struggle to reshape 
its human exploration program, a struggle that 
will last the rest of the decade. Major observa- 
tional projects in both NASA and the National 
Oceanic and Atmospheric Administration 
(NOAA) have had serious overruns in the past 
few years, which have rendered the best-made 
plans moot. The possibility of unanticipated 
cost growth is ever-present. 

In such circumstances—the combina- 
tion is unprecedented in our experience—we 
on the National Research Council’s (NRC) 
Space Studies Board (SSB) are reexamining 
how we structure and deliver planning advice 
that preserves essential scientific priorities in a 
time of unexpected changes in policy, budget, 
and execution. We have progressed along two 
paths—to strengthen the stewardship role of 
the SSB’s standing committees (2) in coping 
with short-term program fluctuations and to 
make more resilient the SSB’s “decadal sur- 
veys” that develop 10-year research strate- 
gies for each of the major space-science dis- 
ciplines. 


Expectations, Reality, Mismatch 
Between 2010 and 2012, the SSB carried out 
decadal surveys in astronomy and astrophys- 
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Should high-profile missions such as the James Webb Space Tele- 
scope require special treatment by the decadal surveys and NASA? 


ics (3), planetary science, solar and space 
physics (heliophysics), life and physical sci- 
ences in space, and a midterm review of Earth 
sciences and applications from space. Each 
decadal survey identified the most impor- 
tant scientific goals for the coming decade by 
soliciting hundreds of white papers and con- 
ducting dozens of town hall meetings. 

The survey teams included experienced 
managers and engineers, as well as scientists, 
and commissioned independent estimates of 
cost and technical risk so as to make finan- 
cially responsible recommendations. Taken 
together, these surveys may comprise the 
most complete characterization of the state 
of the space sciences ever achieved. NASA, 
by and large, implements the first priority rec- 
ommendations of such major NRC studies, 
but this time around, key recommendations, 
notably for astrophysics and planetary sci- 
ence, were virtually dead before arrival and 
have had to be reconstructed. 

How did the mismatches between expec- 
tation and reality emerge during the recent 
decadal surveys? After all, the government 
sponsors and the SSB believed the surveys 
were realistically designed when they began. 
However, there had been a key breakdown. 
Both government and NRC rules impeded 
the flow of information between NASA and 
the SSB during the conduct of the surveys. 
During the years that the SSB was manag- 
ing four decadal surveys and one midterm 
decadal review, the board’s disciplinary stand- 
ing committees had to stand down because of 


Decadal surveys should propose financially 
responsible priorities and standing committees 
should facilitate their implementation. 


budget and staff limitations. 

Just as the huge cost over- 
runs in the James Webb Space 
Telescope (JWST) project (4) 
(see the figure) became appar- 
ent within a NASA facing bud- 
get reductions, the SSB’s science 
communities were sequestered 
writing the decadal surveys— 
which they could not discuss 
with anyone until the surveys 
had gone through NRC peer 
review. This is the price of rigor, 
but just when our colleagues in 
NASA’s Science Mission Direc- 
torate wished they could solicit 
our advice, government rules prevented them 
from telling the study committees officially of 
a budget problem that altered the prospects for 
all the space sciences and would have changed 
the terms of reference for the surveys. The sci- 
entific community had suspected there would 
be bad news, but there was no way for the 
decadal studies to adjust in midstream (5). 

In short, NASA’s program managers did 
not hear from the SSB on the things about 
which they were most worried. We lost touch. 
And the decadal surveys’ recommendations 
looked out of touch. The day-by-day ebb and 
flow of knowledge and intent between NASA 
and the SSB had been blocked. 


Agreeing on Terms, Estimating Costs 

How can we improve the next time around? 
These were the central questions motivat- 
ing a “lessons learned” workshop convened 
by the SSB and the NRC Board on Physics 
and Astronomy that the authors cochaired. 
Participants from the domestic and interna- 
tional Earth and space science communities 
debated all aspects of the decadal review pro- 
cess: how each community reviews its past 
achievements; how each characterizes its 
present status and identifies future opportu- 
nities; how scientific ideas are shaped and 
reshaped by committee debate into notional 
(or “placeholder”) mission and program con- 
cepts; how technical challenges are identified 
and costs estimated; how cost and technical 
evaluations influence scientific choices and 
the committee process; how the survey com- 
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mittees interact with NASA and the scientific 
community during the study phase; what role 
international and interagency collaborations 
play in shaping recommendations; and above 
all, how to cope with policy fluctuations and 
budgetary uncertainty. Uncertainty was the 
elephant in the room, permeating all discus- 
sions at the workshop. 

NRC reports are notable for their rigor- 
ous peer review, whose most critical task is to 
ensure that no report strays beyond its state- 
ment of task (SOT). The SOT defines the 
issues to be considered and the criteria on 
which they shall be prioritized. Nothing is 
more important to success than getting the 
SOT right. You have to do this even before you 
choose the survey committees. 

The SOT negotiations between the NRC 
and the U.S. agencies that sponsor space sci- 
ence (NASA, National Science Foundation, 
NOAA, Department of Energy, and U.S. Geo- 
logical Survey) should develop a common 
understanding of terms of art that might other- 
wise be misinterpreted by the various sponsors 
as well as the other stakeholders in the decadal 
surveys—the U.S. Office of Management and 
Budget, the Office of Science and Technology 
Policy, Congress, and, not least, the Earth and 
space science community at large. The most 
important terms of art are the words used to 
describe notional missions and the meaning 
of the uncertainty in their cost and techni- 
cal estimates. To the maximum extent feasi- 
ble, the SOTs of the decadal surveys should 
promote commensurate treatments of uncer- 
tainty, but disciplines have different kinds of 
risk. Future SOTs should call for planning 
formats (“decision rules’’) that help sponsor- 
ing agencies cope with unexpected changes 
in direction. With all this to think about, the 
next time around, the SSB, through its stand- 
ing committees, will need to enlist broad com- 
munity input before the SOTs are set in stone. 

The SSB now makes cost assessment and 
technical evaluation (CATE) part of every 
decadal survey and many of its other stud- 
ies. This means SSB committees delve into 
the nuts and bolts of choosing one notional 
mission over another, somewhat like pro- 
gram managers. The question is how study 
committees should go about it. Some people, 
both sponsors and scientists, favor “science- 
only” prioritization, i.e., no notional mis- 
sions. This group argues that SSB should not 
talk about missions that may never fly and so 
risk compromising the priority of the under- 
lying science. 

Another group argues that although objec- 
tive nonadvocate cost estimates enhance cred- 
ibility, any cost estimate for a mission on the 
drawing board is nonetheless speculative. 
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Nearly all argue that great care is needed to 
convey the appropriate sense of uncertainty. 
Still others worry that even highly approxi- 
mate cost estimation takes too much time 
away from science in the study process and 
“boxing” notional missions into categories 
(small, medium, or large) would be sufficient. 

At the end of the day, however, the scop- 
ing of representative missions—however 
immature—having been tried, now seems 
essential to making financially responsible 
recommendations, and the SSB has decided 
to continue the practice. The problem was 
not more realistic cost estimations but less 
realistic expectations. This places a further 
burden on SOTs—to agree in advance on a 
range of budget scenarios. 


Seizing Golden Moments 
The work of the SSB does not end with the 
completion of the decadal surveys. Large proj- 
ects tend to come together in golden moments 
when science, technology, finance, and poli- 
tics align. No one has learned how to time a 
golden moment to arrive at the completion of 
a decadal survey. Someone has to be there to 
seize the opportunity when it emerges, even if 
it comes in a different form than visualized. 
Then there is the opposite problem: What 
happens when NASA’s plans or SSB’s decadal 
recommendations go awry? Who then looks 
after the intentions embodied in the decadal 
surveys? Dealing with such ongoing issues 
is the job of the SSB’s standing committees. 
The NRC worked closely with NASA to give 
SSB’s standing committees more flexibility to 
respond to change while preserving the integ- 
rity of NRC review processes. Now that the 
decadal surveys have been completed, the 
reinstated standing committees are up and 
running, designing SOTs for new studies, pro- 
viding feedback on strategies to accomplish 
some of the surveys’ original goals, and evalu- 
ating the programmatic significance of the lat- 
est developments in science and technology. 
Despite these lessons learned, some key 
questions still have no clear answer. Should 
high-profile missions such as the JWST and 
the Mars Science Laboratory (the Curiosity 
rover) require special treatment by the decadal 
surveys and NASA? Should they become 
an agency-wide responsibility, as happened 
with JWST when it encountered major cost 
growth? Should other programs be protected 
by enhanced risk-management practices for 
missions that are too big or too important to 
fail? How do you decide which ones are in this 
category? Could SSB, with its present struc- 
ture, find ways to resolve priority disputes 
among the disciplines if it has to agree on one 
for special treatment? 
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Should the priority of a mission depend 
upon the availability of willing partners? 
Clearly, the larger the mission, the more likely 
is the need for international collaboration to 
offload costs. Just as clearly, NASA’s budget 
prospects are not rosy. Furthermore, foreign 
space programs are developing impressively 
in scope and sophistication. How can decadal 
survey teams learn about the opportunities 
in enough depth to recommend collabora- 
tive missions with the same rigor they apply 
to homegrown initiatives? All in all, future 
success may depend on both NASA and SSB 
doing a better job of coordinating planning 
with international partners. Despite past suc- 
cesses, there remain important challenges in 
aligning the prioritization processes of part- 
ners like the European Space Agency or the 
Japan Aerospace Exploration Agency. And 
there are new space powers on the horizon. 

In March 2014, all four SSB standing 
committees, and a fifth committee devoted to 
life and physical sciences in space, will con- 
vene to review the past year’s accomplish- 
ments and identify emerging scientific oppor- 
tunities. The SSB will invite representatives 
of foreign space agencies to brief the stand- 
ing committees so that, when the time comes 
to begin the next round of decadal surveys, 
the U.S. Earth and space science communi- 
ties will be better informed about prospects 
for international collaboration. 

One of the glories of the American space 
program has been NASA’ pursuit of first-class 
space science. There have been good times 
and there have been bad, but despite all that 
has happened, NASA’s science programs have 
always been based on answering fundamental 
questions. If the questions are not answered 
in one decade, the scientific community will 
pose them again in the next decade, and again 
if necessary, until it does have an answer. A 
trusting dialog between government sponsors 
and the science community is fundamental to 
the excellence of American space science. It is 
important to get this dialog right, lest today’s 
severe programmatic turbulence becomes a 
precursor to tomorrow’s decline. 
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A Pardon for the Dingo 


Richard G. Roberts 


he dingo (Canis lupus dingo) has 

| grown accustomed to bad press. Din- 
goes first set paw in Australia a few 
millennia ago, possibly in association with 
the spread of Austronesians into the Pacific. 
They have since been blamed for snatching 
babies, killing sheep, and forcing the marsu- 
pial thylacine (Thylacinus cynocephalus) and 
the related devil (Sarcophilus harrisii) into 
extinction on the Australian mainland. The 
present-day ecological role of dingoes is still 
debated (see Ripple et al. on page 151 of this 
issue) (/), but in a recent article, Prowse et al. 
(2) propose that Australia’s favorite scapegoat 
can be largely absolved of blame for driving 
the mainland thylacine and devil to extinction. 

Dingoes never reached the island of 
Tasmania. The survival there of the thylacine 
until 1936—dubbed the Tasmanian “tiger” 
because of its striped back—and the devil to 
modern times is generally attributed to the 
absence of competition and predation from 
dingoes. However, Prowse et al. (2) use eco- 
logical models to show that the dingo did not 
play a key role in the extinction of these spe- 
cies on the mainland. Instead, they point the 
finger at humans, perhaps assisted by increas- 
ing aridity. The pivotal role played by humans 
in this recent extinction event, superimposed 
on a background of climate change, echoes 
the earlier extinction of the Australian mega- 
fauna and highlights the repeated impacts of 
hunter-gatherers on Australian ecosystems 
over the last 50,000 years (3). 

The Australian megafauna included mar- 
supials, reptiles, and birds weighing more 
than 44 kg. Most had vanished by ~40,000 
years ago (4-6), but differing views persist 
about the exact timing and mechanism of 
extinction. Some form of human impact is 
widely favored (3—5), possibly with climate 
deterioration as an added stressor (6). The 
disappearance of the megafauna left the thy- 
lacine and devil as the two largest terrestrial 
carnivores. 

Thylacines were familiar to Aboriginal 
Australians and are depicted at numerous 
rock art sites in north and northwest Austra- 
lia (see the first figure). A radiocarbon date 
of ~3500 years before present (yr B.P.) has 
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Australian “tiger.” Ancient rock paintings, drawings, and engravings of presumed thylacines have been 
recorded in north, northwest, and southeast Australia. This 50-cm-wide composition of a possible thylacine 
being speared or fended off by a person adorns a rock shelter in the far north of Western Australia (22). 


been reported for a desiccated thylacine car- 
cass found in a cave in southern Australia (3), 
but reliably dated sites with fossil remains of 
the thylacine and devil are scarce, frustrating 
attempts to establish exactly when and why 
they went extinct on the mainland. 

Enter the dingo. Genetic estimates place 
its introduction at or before 4600 years ago 
(7), but no dingo fossils of such antiquity 
have been discovered. An almost complete 
dingo skeleton dated to ~3400 yr B.P. is one 
of the few remains older than 3000 years, 
with the sparse record hinting at dingo arrival 
shortly after 4000 yr B.P. (3). 

Given the poorly resolved chronologies 
for entry of dingoes and exit of thylacines 
and devils on mainland Australia, Prowse et 
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Extinction drivers. Relative importance of the main model 
parameters for predicting thylacine and devil extinctions 
on mainland Australia, estimated from the best-performing 


boosted regression tree (2). 


al. (2) took a modeling approach to evaluate 
the processes responsible for the extinction of 
these two marsupials. They first constructed 
a stochastic model to simulate the complex 
interactions among the hunters (humans, thy- 
lacines, devils, and dingoes) and the hunted 
(the herbivorous prey, represented in the 
model by kangaroos) in a grassland habitat. 
The goal was to determine which combina- 
tion of factors was most effective at predict- 
ing the extinction of the two native carni- 
vores. A simulation was judged to be success- 
ful if it predicted their dual extinction after 
the arrival of dingoes and before European 
landfall around 200 years ago. 

The model allows for competition 
between predators, the exponential growth 
in human populations on the mainland 
from ~5000 yr B.P. (8, 9), and the effect 
on vegetation and prey populations of a 
climatic shift toward a drier regime at 
about the same time (/0). A wide range 
of ethnographically, archaeologically, 
and ecologically plausible values are 
included in the model, such as predator 
and prey densities, population growth 
rates, predation rates, and factors to 
allow for competition for resources 
both within and between species. The 
authors modeled eight scenarios, rep- 
resenting the different permutations of 
dingo introduction (assumed to have 


50 


10 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: FIRST FIGURE, MIKE DONALDSON; SECOND FIGURE, ADAPTED FROM (2) 


CREDIT: P. HUEY/SCIENCE 


occurred 4000 years ago), human intensifi- 
cation (modeled as population growth), and 
climate change. Ecological extinction was 
declared when populations dwindled to fewer 
than 500 individuals. 

Such simulation studies will con- 
ceal regional and local responses to vari- 
ous parameters, as well as subtle interplay 
at fine spatial and temporal scales. But the 
main findings were clear-cut. Human inten- 
sification featured in 80% of the successful 
simulations, compared to the inclusion of 
climate change (44%) and dingo invasion 
(16%). Prowse et al. then analyzed a subset 
of these simulations using boosted regres- 
sion trees (//) to assess the importance of 
different model parameters on the probabil- 
ity of successfully predicting the extinction 
of mainland thylacines and devils. This anal- 
ysis confirmed humans as the main driver of 
the mainland extinctions. Human intensifica- 
tion was the most influential factor, followed 
by the initial human density and the rate of 


human predation on kangaroos (see the sec- 
ond figure). Climate change became impor- 
tant when the latter two parameters were at 
their lowest values, but dingoes had a negli- 
gible effect. Predictive success was affected 
more by human attack rates on kangaroos 
than on thylacines and devils; thus, human 
hunting of these native carnivores had less 
influence than did human predation on their 
common prey. 

Vindication of the dingo for the extirpa- 
tion of the thylacine and devil on mainland 
Australia puts people—and perhaps climate 
change—squarely in the frame. Humans are 
also implicated in the demise of the Austra- 
lian megafauna (3-6). However, searching 
for prehistoric synergies among extinction 
drivers is made more difficult by the declines 
in quantity and quality of evidence further 
back in time, hampering efforts to resolve 
the causes of megafaunal extinction from 
dated fossils, artefacts, and proxy records 
of climatic and ecological change. Prowse 
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et al.’s scenario-testing approach (2) offers 
a new lens through which to study the range 
of dynamic interactions and impacts respon- 
sible for this earlier mass extinction. 


References 
1. W.J. Ripple et al., Science 343, 1241484 (2014). 
2. T.A.A. Prowse, C. N. Johnson, C. J. A. Bradshaw, B. W. 
Brook, Ecology 10.1890/13-0746.1 (2013). 
3. C. Johnson, Australia’s Mammal Extinctions (Cambridge 
Univ. Press, Cambridge 2006). 
4. R.G. Roberts, B. W. Brook, Science 327, 420 (2010). 
5. S. Rule et al., Science 335, 1483 (2012). 
6. G. J. Prideaux et al., Proc. Natl. Acad. Sci. U.S.A. 107, 
22157 (2010). 
7. M.C.R. Oskarsson et al., Proc. Biol. Sci. 279, 967 (2012). 
8. C.N. Johnson, B. W. Brook, Proc. Biol. Sci. 278, 3748 
(2011). 
9. A.N. Williams, Proc. Biol. Sci. 280, 20130486 (2013). 
10. J. M. Reeves et al., Quat. Sci. Rev. 74, 21 (2013). 
11. J. Elith, J. R. Leathwick, T. Hastie, j. Anim. Ecol. 77, 802 
(2008). 
12. M. Donaldson, Kimberley Rock Art, vol. 2, North Kim- 
berley (Wildrocks Publications, Mount Lawley, Australia, 
2012). 


10.1126/science.1248646 


ECOLOGY 


Bacterial Vesicles in the Ocean 


David Scanlan 


arine microbes play a key role in 
Meee nutrient cycling (/). Phy- 

toplankton account for less than 
1% of the photosynthetic biomass on Earth, 
yet contribute almost half of the world’s pri- 
mary production (2). In open oceans between 
~45°N and ~40°S, cyanobacteria of the genus 
Prochlorococcus dominate the phytoplank- 
ton (3). Prochlorococcus is the smallest free- 
living phototroph; its genome is subject to 
miniaturization (4), and distinct ecotypes are 
adapted to the strong gradients of light and 
nutrients in the surface ocean (5). On page 
183 of this issue, Biller et al. (6) identify a 
further striking feature of Prochlorococcus: 
the production of extracellular vesicles that 
may play a role in carbon cycling, gene trans- 
fer, and viral defense. 

Biological production of extracellular 
vesicles is widespread, with vesicles pro- 
duced by species across all three branches of 
the tree of life (7). In Gram-negative bacteria, 
vesicles are produced when small regions of 
the outer membrane bulge away from the cell 
before pinching off and being released (8). 
Biller et al. carefully purified 70 to 100 nm- 
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sized membrane-bound extracellular vesicles 
from exponentially growing Prochlorococcus 
cells. The vesicles contain not only periplas- 
mic and outer-membrane proteins but also 
proteins characteristic of inner membrane 
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Interaction with heterotrophs 


Vesicles released by phytoplankton may play 
key roles in carbon cycling, viral defense, 
and gene transfer. 


and cytoplasmic compartments, although 
their relative abundance is unknown. They 
also contain DNA and RNA. 

The authors show that vesicles are pro- 
duced not only by Prochlorococcus, but also 
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Defense against viral attack , 
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Multipurpose vesicles. Biller et al. show that Prochlorococcus produce vesicles that may play functional 
roles in defending against viral attack, interactions between heterotrophs and Prochlorococcus, and horizon- 
tal gene transfer. This is a schematic presentation and is not to scale. 
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by a marine Synechococcus strain, the sis- 
ter group to Prochlorococcus, potentially 
extending vesicle production to organisms 
that are ubiquitous in oceans across the world. 
Indeed, Biller et al. were able to purify struc- 
tures containing protein and various lipids 
indicative of vesicles from natural seawater 
collected at coastal and oligotrophic sites off 
the American east coast. Thus, vesicles are 
produced in the open ocean and not only by 
pathogens and biofilm-inhabiting microbes 
living at high cell density. 

In the cultures and natural samples ana- 
lyzed by Biller et al., the vesicles are as abun- 
dant as the organisms themselves (and in 
some cases up to 10 times more so). They are 
also relatively stable, with numbers remain- 
ing constant for more than 2 weeks. This has 
important consequences for the nature and 
origin of dissolved organic carbon (DOC) in 
the ocean. DOC in turn supports microbial 
growth and hence plays a key role in the global 
carbon cycle through the microbial loop. 

Why would an organism like Prochloro- 
coccus, which is clearly well adapted to the 
nutrient-poor open ocean, shed vesicles con- 
taining large amounts of carbon, nitrogen, 
and phosphorus that have been hard work to 
win? The authors speculate on several differ- 
ent avenues (see the figure), all of which are 
ripe for future research. First, the labile car- 
bon released in such vesicles may stimulate 
heterotrophic growth. Some marine hetero- 
trophs are known to positively stimulate the 
growth of Prochlorococcus. Indeed, all cur- 
rently sequenced Prochlorococcus strains 
lack the enzymes for catalase or catalase- 


peroxidase, making the organism highly 
susceptible to oxidative damage. Heterotro- 
phic “helper” bacteria can compensate for 
this loss (9), an idea that has been called the 
Black Queen hypothesis, where gene loss in 
free-living organisms like Prochlorococcus 
may leave them dependent on co-occurring 
microbes for lost metabolic functions (/0). 

Second, the extracellular vesicles may 
transfer DNA fragments between organisms, 
thereby facilitating horizontal gene transfer. 
This idea is not new (9), but the fact that ves- 
icles from both cultured bacteria and natural 
marine communities contain DNA hints at a 
potentially widespread mechanism for mov- 
ing DNA (and RNA) between cells. 

Perhaps the most evocative of the func- 
tions put forward by Biller ef al. is the idea 
that the vesicles might prevent phage attack 
by acting as decoys. Viruses, including marine 
cyanophages, which specifically infect cya- 
nobacteria, are very abundant in marine 
systems (//, 12). The extracellular vesicles 
reported by Biller e¢ a/. are enriched in outer 
membrane components, suggesting that they 
harbor phage receptors that can act to directly 
bind viral particles. Indeed, the authors show 
that purified vesicles bind phage particles; 
many of these vesicle-attached phage parti- 
cles possess an altered morphology sugges- 
tive of DNA injection into the vesicles. How- 
ever, it remains to be shown whether, and if so 
how, these vesicles affect phage-host infec- 
tion dynamics at concentrations found in the 
ocean. 

Extracellular vesicle release by the most 
abundant marine phototroph, and likely many 


other marine microbes, provides a crucial 
bridge between microbes and the biotic and 
abiotic world. The environmental variables 
that affect production and stability of the 
vesicles will be important to decipher. High 
local concentrations of compounds within 
vesicles, possibly including toxins that deter 
grazers as well as viral predators, suggest that 
much remains to be learned about the func- 
tion of such biologically derived colloids. 
Given that some eukaryotes are also known to 
produce extracellular vesicles, it will be inter- 
esting to find out whether eukaryotic phyto- 
plankton produce similar structures. If such 
vesicles are produced by bloom-forming spe- 
cies, this could have further profound impli- 
cations for carbon release and carbon cycling 
in marine systems. 
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PHYSICS 


Enabling Optical Analog Computing 
with Metamaterials 


Ari Sihvola 


rogress in the development of calculat- 
Pr machines has led to modern com- 

puters that represent and treat data 
digitally. In principle, the physical platform 
on which computation is done is irrelevant: 
A digital computer can be realized with vac- 
uum tubes, discrete transistors, integrated 
circuits, pneumatic valves, or optical logic 
gates. However, digital optical computing is 
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not the only way in which computing can be 
done with light. On page 160 of this issue, 
Silva et al. (1) show theoretically that the 
direct manipulation of light waves can offer 
extraordinary possibilities toward analog 
computing. Instead of representing quanti- 
ties by discrete bits, the input and output data 
are expressed as continuous electric fields 
of light. The necessary mathematical opera- 
tions are realized through the interaction of 
the wave with metamaterials, microstruc- 
tured composites that respond in ways that 
cannot be realized in isotropic materials (2). 


The manipulation of light with structured 
materials could allow mathematical operations 
to be performed with compact optics. 


Furthermore, the wavelength-scale dimen- 
sions of such computing machines make 
them extremely compact. 

Digital computing is exact in the sense 
that algebraic operations are deterministic; 
an abacus is a simple example of a computer 
that keeps track of discrete numbers. On the 
other hand, the operation of slide rule comes 
with finite precision and accuracy because 
this analog computing process is inher- 
ently connected with the mechanical move- 
ment of matter. Hence, advances in material 
technology were essential to progress in the 
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accuracy of analog computers, as evidenced 
by the progression from planispheres and 
astrolabes for early astronomy to clocks in 
the great cathedrals of the Middle Ages (3) 
and electromechanical fire-control machines 
during the Second World War (4). 

In the optical analog computing scheme 
of Silva et al., both the drawbacks of inertia 
in mechanical analog computers and trans- 
formation delays in digital electronic com- 
puters are absent. The complex shape of an 
electromagnetic wave carries the informa- 
tion of computational operations. The propa- 
gation characteristics of this wave are deter- 
mined by the carefully tailored dielectric and 
refractive profile of the metamaterial struc- 
tures. Two important principles are exploited 
in the design: Fourier transform of signals 
and the electromagnetic properties of meta- 
materials. 

The Fourier transform is a powerful math- 
ematical operation that represents the vari- 
ation of a function in one variable in the 
spectral space of its conjugate variable. For 
time-dependent signals, the spectral view 
means that time variation is displayed as a 
combination of frequencies. The pitch of 
a sound from a musical instrument corre- 
sponds to a frequency (and its harmonics, 
which give the characteristic color for the 
sound) that is located from the tens of hertz 
(10 cycles per second) to kilohertz range. 
We also feel lower frequencies in our every- 
day life: The 1-Hz beating of hearts, the daily 
rhythm of sunrise and sunset, and the yearly 
variation of seasons (at least in high latitudes 
of the globe), which have a frequency of a few 
tens of nanohertz. The spectral view can also 
be applied in spatial dimensions. Looking at 
an image, we can focus on its localized details 
and their variations, but sometimes a picture 
sends a strong message through its “spa- 
tial rhythm”—for example, when features 
are periodically repeated (see the figure). 
The Fourier transform is richer in the spatial 
domain than the temporal one, as it operates 
on three spatial dimensions. 

Operations between functions have strong 
connections to operations between their 
Fourier transforms. These mathematical cor- 
respondences are exploited in the analog 
computer proposed by Silva et al. by manip- 
ulating the spatial waveform of the incident 
field. In their first design, the structure con- 
sists of three blocks—a Fourier transform, 
a metamaterials-based unit, and the inverse 
Fourier transform. Propagation through a so- 
called graded-index (GRIN) dielectric slab 
produces a Fourier transform of the input 
function (5). The Fourier transform is imaged 
along a transverse coordinate, which makes it 
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practical to apply multiplication-type opera- 
tions on the different parts of the spectrum. 
The manipulation and rephasing of the spec- 
trum in the middle block requires either a 
thin metasurface or an extended composite 
metamaterial structure. Finally, the inverse 
Fourier transform is achieved by either a 
“complementary” GRIN structure (6) or 
another “ordinary” GRIN, which produces a 
mirror image of the required output function. 
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Richer versus sparer Fourier transforms. Two sets 
of images illustrate how Fourier transformations, 
which can identify repetitions in time series or spatial 
images, can vary in richness. (A) The ornate Leuven 
City Hall in Belgium would create a rich spectrum, 
as it has structural details at many length scales. (B) 
A more functional architecture—like Alvar Aalto’s 
Enso House in Helsinki, Finland, which has a strong 
“rhythm” at the 5-m scale—results in a sparser 
spectrum with more flatter regions but with stronger 
features. Silva et al. propose a way to use meta- 
material structures to perform Fourier transforms on 
light waves for use in analog computing. 


Metamaterials turn out to be extremely 
effective for controlling the phase and ampli- 
tude of the wavefront in the middle block. 
An example of a metamaterial is a doublet 
of materials, with permittivities that have 
opposite signs, that behaves in an extremely 
anisotropic manner (7, 8). In infrared fre- 
quencies, silicon and aluminum-doped zinc 
oxide make such a pair. By exploiting this 
very sensitive response and by varying the 
relative thicknesses of the two materials in 
the nanodoublet, Silva et al. introduce real- 
istic designs for the metamaterial block to 
achieve the required mathematical opera- 
tions, such as taking derivatives and convo- 
luting functions. 

The route through the Fourier transform 
is mathematically efficient, but a GRIN lens 
can be quite thick. One possibility of “flat” 
optics is holographic coherent imaging (9, 
10). In their desire to compact the comput- 
ing machine, Silva et al. suggest an alterna- 
tive device that avoids the transverse Fourier 
transform and leads to an extremely compact 
structure. However, the design requires a lon- 
gitudinal distribution of the refractive index 
of the metamaterial with strict tolerances in 
the submicrometer scale. Just as access to 
pure brass during the late Middle Ages led to 
more accurate mechanical clocks, the smooth 
operation of the gears and wheels of these 
analog computers will likely rely on advances 
in fabrication enabled by nanotechnology. 
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Young Neurons Sever Ties 
to the Parental Niche 


Samuel Tozer and Xavier Morin 


eurogenesis in the vertebrate 
embryo involves the pro- 
duction of neurons through 


asymmetric divisions of neuroepi- 
thelial progenitors, also known as 
apical progenitors. The coordination 
of intrinsic transcriptional events, 
reception of external stimuli, and 
cellular remodeling that accom- 
pany neuronal birth is still far from 
being understood. On page 200 of 
this issue, Das and Storey (/) provide 
insight into this process and describe 
an unexpected cell remodeling pro- 
cess called apical abscission. 

Apical progenitors reside in the 
neural tube, the embryonic precur- 
sor of the vertebrate central nervous 
system. They display apical and 
basal attachments through which 
they adhere to their neighbors and to 
the basal lamina, respectively. Mito- 
sis takes place while the nucleus 
occupies an apical position. After 
neurogenic divisions, prospective 
neurons lose their basal attachment 
but initially retain an apical domain. 
Differentiation and exit from the cell 
division cycle correlate with the extension of 
anew basal process, basal translocation of the 
nucleus, followed by apical detachment (2). 

Negative regulation of the cell surface 
adhesion protein N-cadherin in prospec- 
tive neurons leads to detachment at the api- 
cal surface and differentiation. This occurs 
in response to activation of the FoxP2/4 tran- 
scription factors by the neurogenic factor 
Neurog2 (3). Das and Storey imaged chick 
neural tube slices in real time and observed 
that apical detachment involves shedding of 
a particle composed of the apical and cili- 
ary membrane domains (each cell bears 
a primary cilium that serves as a sensory 
“antenna’”’). The authors demonstrate that 
apical abscission involves an actin-myosin 
controlled subapical constriction that leads to 
severing of the apical particle. This program 
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is initiated by Neurog2 and involves decreas- 
ing N-cadherin expression levels. The centro- 
some, a microtubule organizer that lies at the 
base of the cilium and nucleates its cytoskel- 
etal inner core (the axoneme), is not included 
in the apical particle. Instead, it remains in the 
withdrawing cell and leaves the apical surface 
(see the figure). By contrast, the ciliary mem- 
brane is retained in the abscised particle. This 
implies that the centrosome is undocked from 
the base of the ciliary membrane, and sug- 
gests that the axoneme is dismantled in the 
process. 

Apical shedding may abruptly blind the 
cell to mitogenic signals coming from the 
intraluminal space of the neural tube, such as 
sonic hedgehog (Shh), to allow exit from the 
cell cycle. Indeed, Das and Storey noted accu- 
mulation of protein constituents of the Shh 
signaling pathway (Smoothened and Gli2) in 
the cilium, which indicates that Shh is active 
until immediately before abscission. In addi- 
tion, the data support the idea that abscising 
cells are poised to differentiate but will do so 
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Neuronal precursor cells of the vertebrate 
central nervous system shed an apical end-foot 
to differentiate. 


Remodeling. (Top) In the early spinal 
cord, newborn neurons abscise an api- 
cal particle to detach from the apical 
surface, allowing cell differentiation. 
(Bottom) In the mouse cortex, a ciliary 
remnant is recycled to the daughter that 
retains the apical progenitor identity. Its 
sister produces a new basolateral cilium 
and becomes a basal progenitor with 
restricted proliferation. 


only if abscission can be completed. 
Thus, abscission could be viewed 
as a checkpoint that synchronizes 
basal translocation of the nucleus, 
exit from the cell cycle, and acqui- 
sition of neuronal identity. 

The study of Das and Storey 
provides insights into the timing of 
neurogenesis, but more generally 
opens the question of how an epi- 
thelial tissue can maintain its integ- 
rity while a part of its population 
undergoes an epithelial-mesenchy- 
mal transition. During this process, 
cells exit from epithelial structures 
through the basal lamina. The loss 
of apical-basal polarity and api- 
cal adhesion is a key event in both 
normal developmental situations and can- 
cer (4). Classical examples of this transi- 
tion include situations in which an entire 
cell population loses its epithelial organiza- 
tion, and cases when individual cells leave an 
epithelial structure. Although newborn neu- 
rons remain within the confine of the basal 
lamina, their withdrawal from the apical sur- 
face can be viewed as a form of the latter sce- 
nario, and apical particle shedding provides 
a remarkable example of how an epithelial- 
mesenchymal transition may occur with- 
out disrupting the surrounding epithelium. 
In this respect, the fate of the apical parti- 
cle after abscission has yet to be described. 
Future studies should explore whether api- 
cal shedding occurs in cuboidal epithelia 
whose larger apical surface may represent a 
challenge to abscission. Moreover, shedding 
may provide the cell with an efficient way to 
transiently lose apical-basal polarity without 
changing its transcriptional regulation. This 
may be of particular interest in newborn neu- 
rons that reuse many polarity determinants 
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during axonal growth and/or migration (5). 
As neurons of different types and origins 
adopt different strategies to polarize (6), it 
will be interesting to explore whether apical 
shedding is a marginal or widespread mecha- 
nism in neurogenesis. 

During mitosis of apical progenitors in the 
mouse cortex, a ciliary remnant associates 
with the centrosome at one pole of the mitotic 
spindle, resulting in asymmetric inheritance 
of a ciliary structure (7). Thus, the cilium is 
partly conserved rather than dismantled dur- 
ing cell division. The cell inheriting the cili- 
ary remnant rapidly reconstitutes an apical 
cilium and is more likely to retain apical pro- 
genitor identity. Its sister produces a basolat- 
eral cilium, a phenomenon associated with 
basal progenitor identity. Basal progenitors’ 
restricted capacity to proliferate may result 


from the reduced exposure of the basolat- 
eral cilium to luminal mitogens (8). Future 
research should address whether apical shed- 
ding is also present in the developing cortex, 
where indirect neurogenesis, through basal 
progenitors, is predominant, and how shed- 
ding integrates with asymmetric ciliary recy- 
cling and basolateral cilia formation. 

The cortex and neural tube appear to have 
a remarkable plasticity of ciliary structures 
during neurogenesis. Although mechanisti- 
cally different, asymmetric recycling of cili- 
ary remnants (7), differential positioning of 
cilia (8), and dismantling of the cilium and 
shedding of the ciliary membrane are many 
ways for a cell to modulate the timing and 
dosage of its exposure to environmental sig- 
nals. These new layers of control in signal 
reception are independent of the source con- 
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centration and may therefore contribute to the 
diversity of cell fate decisions, allowing pro- 
gression of neural differentiation and mainte- 
nance of a pool of apical progenitors to occur 
simultaneously in a niche. 
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Can Cancer Trigger Autoimmunity? 


Michele W. L. Teng'? and Mark J. Smyth'? 


utoimmune diseases occur when 
immune B and T cells fail to distin- 
guish the body’s own proteins as self 
and attack them, ultimately damaging tissues 
and organs. There are many possible causes 
of autoimmune diseases, such as chemical 
exposures, infections, and genetic factors. 
On page 152 of this issue, Joseph et al. (1) 
raise another possibility—nascent growing 
cancers might express new proteins (neoanti- 
gens) whose exposure to the immune system 
creates the potential for an autoimmune dis- 
ease to develop. 
Systemic sclerosis (scleroderma) is a 
rare chronic autoimmune rheumatic dis- 
ease associated with fibrosis of the skin and 
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POLR3A mutation or loss 


widespread destruction of blood vessels that 
affects organs, with life-threatening conse- 
quences. Some rheumatic diseases are also 
paraneoplastic—they are present with can- 
cers—and removal of the tumor or its medi- 
cal treatment causes regression of the clini- 
cal manifestations. Coincidental timing of 
scleroderma and cancer had been observed 
in patients with autoantibodies specific for 
RNA polymerase III subunit (RPC1) (2). 
Joseph et al. examined tumor tissue and 
blood samples from 16 scleroderma patients 
with various types of cancer. Among the 
eight patients who had anti-RPC1 autoanti- 
bodies and coincident cancer, six had genetic 
mutations—either somatic mutations or 
loss of heterozygosity (only one copy of an 
allele) in POLR3A (polymerase III polypep- 
tide A, the gene encoding RPC1) (see the 
figure, below). The other eight patients had 
autoantibodies to either topoisomerase 1 
(anti-TOP1) or centromere protein B (anti- 


A chronic autoimmune disease sometimes 
appears coincidently in patients with cancer. 


CENPB) and developed delayed cancer. 
Interestingly, all the anti-RPC1 anti- 
bodies recognized wild-type and mutated 
RPC1, indicating that the humoral immune 
response does not directly target the area 
of the mutation or discriminate between 
mutant and wild-type versions of RPC1. 
But some patients with scleroderma who 
possessed defined POLR3A mutations had 
T cells that reacted to RPC1 protein frag- 
ments produced from the mutated gene. The 
reactivity was specific to the patient and 
peptide, but the frequencies of these T cells 
were comparable to those observed in other 
autoimmune diseases. Given that POLR3A 
mutations are exceedingly rare in cancer 
(0.7% overall), it is unlikely that the onset 


Coincidence. Four subsets of scleroderma patients 
are shown (as observed by Joseph et al. (2)) with dif- 
ferent autoantibody profiles, mutations, and coin- 
cident cancer. 
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of scleroderma and the cancer genomes of 
these patients were unrelated, and that the 
mutations, and T cell responses directed 
against them, were coincidental. Rather, 
POLR3A mutation in the occasional cancer 
triggers the scleroderma. 

According to cancer immunoediting (3), 
the host can control tumor growth through 
innate and adaptive immune mechanisms. 
Genetic instability in the tumor may cre- 
ate neoantigens that are recognized by the 
immune system, leading to the selection of 
tumor cells that can escape immune pres- 
sure. Neoantigens have been demonstrated in 
tumors by means of epitope prediction algo- 
rithms (4). These principles have been dem- 
onstrated in mouse models of carcinogenesis 
and multistage cancer progression (3, 4), but 
also recently, the importance of a patient’s 
immune reaction with cancer in dictating 
disease-free survival (immune contexture) 
has been established (5). 

The relatively low fraction of neoplas- 
tic cells with genetic alterations in the can- 
cers from some of the scleroderma patients 
studied by Joseph ef al. suggests that cancer 
immunoediting had occurred. Cancer cells 
targeted by T cells appear to selectively lose 
the mutant allele, and loss of heterozygos- 
ity occurred in most of the tumors that were 
present synchronously with the scleroderma. 
In some tumors, the loss of heterozygosity 
was not yet complete (clonal heterogene- 
ity was observed in which a small percent- 
age of the tumor cells still carried the muta- 
tion). Presumably, if those tumors had been 
sampled a few months later, there might not 
be any detectable mutant cells because loss 
of heterozygosity would have been com- 
plete. The loss of heterozygosity in the other 
tumors without detectable mutations is quite 
possibly a “historical” record of the tumors 
once carrying mutations. Interestingly, no 
mutant allele or loss of heterozygosity was 
detected in some patients with anti-RPC1 
autoantibodies, suggesting that other mech- 
anisms can induce their production. The eti- 
ology of scleroderma development in these 
patients may resemble that in patients with 
anti-TOP1 and anti-CENPB autoantibod- 
ies. It is also possible that patients with 
RPC1-specific autoantibodies and no can- 
cer may once have had nascent cancer or 
harbor cancer in a state of immune-medi- 
ated dormancy. The loss of heterozygos- 
ity of POLR3A in some patients raises the 
possibility that immunoediting may involve 
gene copy-number alterations in the cancer. 
Alternatively, because RPC1 plays a role in 
sensing and limiting infection by intracellu- 
lar bacteria and viruses (6), cancer may also 


mutate or lose POLR3A to evade activating 
innate immunity. 

The association between cancer and rheu- 
matic diseases has been intriguing for many 
years (7). Paraneoplastic syndromes may 
be mediated by autoantibodies due either to 
tumor antigens that are also expressed by 
cells targeted by the autoimmune disease or 
to the release of intracellular antigens from 
apoptotic tumor cells (S). However, these 
responses are directed to the normal pro- 
tein, and there is yet no evidence that encod- 
ing genes were mutated in the tumors. Joseph 
et al. extend causation to include mutant 
POLR3A in human tumors that elicits an 
immune response against the mutant RPC1 
but cross-reacts with the normal RPC1, 
resulting in autoimmunity. However, the can- 
cer mutation is likely not enough and addi- 
tional factors (genetic, environmental, or 
target tissue-specific) may be required to 
generate damage to normal tissue. 

From an epidemiological viewpoint, the 
study by Joseph ef al. is underpowered, but 
these findings may also prompt research into 
whether antigens other than RPC1 might 
trigger autoimmunity (e.g., in myositis and 
lupus). In larger studies, mining exome 
sequencing data can help identify a patient’s 
specific tumor antigen profile and potential 
tumor immunity and autoimmunity. How- 
ever, the findings by Joseph ef al. raise inter- 
esting issues about tumors with high mutation 
rates (lung, melanoma) or microsatellite DNA 


instability (colorectal) and their predisposi- 
tion to cause autoimmunity. Simple analysis 
of large tissue collections from cancer patients 
with accompanying “immunoscores” and 
patient disease history might reveal correla- 
tions with autoimmune syndromes. 

Very little autoimmunity has been caus- 
ally linked to cancer mutations and subse- 
quent immune reactions, but these events 
have only been examined in cancer patients 
with clinically detectable disease. Do autoim- 
mune patients in general have an undetectable 
burden or history of cancer? New immuno- 
therapeutic treatments for cancer that break 
tolerance will help to clarify the underlying 
natural human immune reaction to cancer and 
its side effects on normal tissues. 
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Glimpsing Eruptions on Europa 


John R. Spencer 


Recent observations with the Hubble Space Telescope reveal what are probably eruptions of water 


vapor from Jupiter’s moon Europa. 


econd-closest to Jupiter (after Io) of 

the four large Galilean satellites, 

icy Europa is one of the strangest 
objects in the solar system (/). On page 171 
of this issue, Roth et al. (2) present strong 
evidence for ongoing eruptions of plumes 
of water vapor from Europa’s surface. This 
is a potentially major discovery, making 
Europa only the fourth object in the solar 
system known to exhibit ongoing internally 
powered geological activity, after Earth, 
Europa’s volcanic neighbor moon Io, and 
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Saturn’s icy moon Enceladus. 

Europa is slightly smaller than our own 
Moon, with a radius of 1561 km and a density 
of 3010 kg m°, implying an interior mostly 
composed of silicates plus about 10% water 
by mass. Gravity observations by the Gali- 
leo Jupiter orbiter revealed that Europa is 
strongly differentiated, with the lower-density 
water component concentrated near the sur- 
face (3). The surface is dominated by water 
ice, along with other hydrated species, proba- 
bly salts. Europa’s surface appearance is truly 
bizarre, crisscrossed with fractures, some- 
times global in extent, that on closer inspec- 
tion turn out to be double ridges (see the fig- 
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ure), and punctuated by aptly named 
chaos regions where the surface has 
disintegrated into a mass of jumbled 
fragments. Impact craters are rare, 
implying that the surface is only 
about 50 million years old (4), and 
thus must be replaced at an average 
rate of about 1 km? per year. Europa 
is too small to retain sufficient pri- 
mordial or radiogenic heat to power 
this resurfacing. Instead, activity is 
almost certainly driven by frictional 
heating due to the tides raised by Jupi- 
ter, which vary diurnally as a result of 
Europa’s slightly eccentric orbit. The 
same mechanism powers the silicate 
volcanoes on Io and the water vapor 
plumes of Enceladus, which resem- 
bles Europa in many ways (5). 

Most exciting is what lies beneath 
Europa’s surface. Magnetic field 
measurements from Galileo showed 
the interior to be electrically conduc- 
tive, implying that much of the outer water 
layer is liquid (6). The inference of a mas- 
sive global ocean, over 100 km deep, beneath 
the icy surface is strengthened by the appar- 
ent presence of surface salts on disrupted 
regions on the surface. In addition, many of 
the fracture patterns are best explained by 
stresses in a thin floating ice shell, decoupled 
from the interior (7). Given the weight of 
evidence, the existence of an ocean beneath 
Europa’s icy surface is now almost univer- 
sally accepted. Estimates of the thickness of 
the overlying ice vary from a few kilometers 
to tens of kilometers. 

This abundance of liquid water, rare in the 
solar system and essential to life on Earth, 
makes Europa of great interest to astrobi- 
ologists. Could life have developed in that 
subsurface ocean? One key ingredient for 
the existence of life is a persistent source of 
chemical energy, which is not guaranteed in 
an ocean isolated from sunlight beneath kilo- 
meters of ice. Activity in Europa’s interior 
might supply such energy, but its surface, rich 
in oxidants due to bombardment by magne- 
tospheric particles, is also a potential source 
of chemical energy (8). Whether that energy 
can power life in the ocean depends on the 
age, thickness, and nature of activity in the ice 
shell, which acts as an intermediary between 
the surface and the ocean beneath. 

A mission to Europa to further investi- 
gate its potential for life has been a high pri- 
ority for planetary scientists since the Gali- 
leo discoveries and was recommended by 
the last two Planetary Decadal Surveys (9, 
10). NASA’s latest mission concept, “Europa 
Clipper,’ which would probe Europa with 


dozens of close flybys, is exciting, but the 
funding necessary to turn it into reality has 
been elusive. The only funded plans to return 
to Europa are two flybys in 2031, by the 
European Space Agency’s Jupiter Icy Moons 
Explorer (JUICE) spacecraft. 

Meanwhile, investigations have contin- 
ued from Earth. All the Galilean moons have 
tenuous atmospheres, which are best studied 
in the far-ultraviolet (UV), at wavelengths 
between 100 and 200 nm, where auroral 
emissions are excited by Jupiter’s magne- 
tosphere. Because the far-UV is blocked by 
Earth’s atmosphere, the Hubble Space Tele- 
scope is a prime tool for atmospheric investi- 
gations, and it was Hubble that first revealed 
Europa’s molecular oxygen atmosphere in 
the 1990s (//). And now, it is Hubble that has 
revealed what is perhaps the most dramatic 
discovery about Europa since the Galileo era. 

Roth etal. report the discovery of intermit- 
tent bright emissions from a region extending 
several hundred kilometers above Europa’s 
surface, near the south pole. The wavelength 
distribution of the emissions implies that they 
originate from a temporary cloud of water 
vapor, probably ejected from a source on the 
surface. It thus appears that Europa, at least 
some of the time, erupts water vapor from 
active surface fissures, much like its smaller 
cousin Enceladus. 

This interpretation is the most plausible 
explanation of the data, but it is not water- 
tight, because the signal-to-noise ratio and 
spatial resolution of the observations are 
relatively low, and the environment around 
Europa is complex. Further observations will 
be needed to confirm and better understand 
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A volatile surface. The strange surface 
of Europa’s ice shell, which overlies a 
subsurface ocean, as seen from the Gal- 
ileo Jupiter orbiter in 1998. The cycloid 
shape of many of the ridges is best 
explained by the propagation of frac- 
tures in the thin ice shell, controlled by 
the daily variation of tidal stresses from 
Jupiter (7). The recent results from the 
Hubble Space Telescope, as reported by 
Roth et al., suggest that similar frac- 
tures elsewhere on Europa are actively 
jetting water vapor into space. The 
image is about 200 km across. 


the discovery. Observations so far 
suggest a correlation between the 
presence of the plume and Euro- 
pa’s position in its slightly eccen- 
tric orbit around Jupiter. Orbital 
position is likely to control, via 
tidal stresses, the opening and 
closing of the south polar fissures 
that are probably the source of 
the plume—such a correlation has recently 
been seen on Enceladus (/2). Confirmation 
of a similar correlation on Europa would tie 
the UV emissions to geophysically controlled 
internal activity and would clinch the case for 
Enceladus-like plume activity on Europa. 

If the inferred plumes are real, as seems 
probable, they only increase Europa’s allure. 
Plumes allow direct sampling of the inte- 
rior, and perhaps the ocean itself, by passing 
spacecraft. They pinpoint locations where the 
ice shell is likely to be thin, perhaps allow- 
ing access to the ocean for biologically useful 
chemical energy. This exciting new window 
into the interior should provide fresh impetus 
for continued exploration from Earth and for 
future missions to Europa. 
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RETROSPECTIVE 


Nelson R. Mandela (1918-2013) 


Salim S. Abdool Karim 


hen Nelson Rolihlahla Mandela 
died on 5 December, the world 
lost one of its greatest leaders. 


Lawyer. Protester. Revolutionary. Anti-apart- 
heid leader. Prisoner. Negotiator. President. 
Statesman. Anti-AIDS campaigner. Philan- 
thropist. These 10 stages of his life capture 
his historic long walk to freedom and his leg- 
acy as a great humanitarian. 

Born on 18 July 1918 in the rural Thembu 
village of Mveso in Transkei, South Africa, 
Mandela was named Rolihlahla, which in 
Xhosa means “tugging a tree branch.” He 
was given the Christian name “Nelson” on 
his first day at a local missionary school in 
Qunu. At the age of 21, Nelson enrolled at the 
University of Fort Hare, the only South Afri- 
can residential higher education institution 
for blacks at the time. After student protests, 
he was expelled in his third year of study. But 
he completed his law degree at the University 
of Witwatersrand in Johannesburg and, with 
Oliver Reginald Tambo, established the first 
black law firm that mostly provided free or 
low-cost legal counsel to blacks victimized 
by the country’s discriminatory laws. 

Mandela joined the African National 
Congress at age 24 and rose to its leadership 
as he directed nonviolent acts of defiance 
against the South African government’s rac- 
ist policies for two decades. After the 1961 
Sharpeville massacre, when police killed 69 
peaceful protesters, Mandela established the 
armed wing of the African National Con- 
gress, becoming its first commander-in- 
chief. In 1963, he was tried by the apartheid 
government for treason and sentenced to life 
imprisonment, at the age of 44, for political 
offenses, including sabotage. 

Mandela was released unconditionally 
on 11 February 1990 at age 71 by Presi- 
dent Frederik W. de Klerk, paving the way 
for negotiations between the government 
and anti-apartheid organizations. He was a 
formidable negotiator and charted a power- 
sharing deal with the architects of apartheid, 
the National Party. In 1993, Mandela and de 
Klerk received the Nobel Peace Prize. 

Mandela became president of South 
Africa after the first democratic elections in 
1994. At that time, | in 13 pregnant women 
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was HIV positive (national prenatal HIV 
prevalence was 7.6%). One of his first acts 
as president was to proclaim free health care 
for pregnant women and children. Mande- 
la’s government gave due consideration to 
AIDS, making it a Presidential Lead Pro- 
gram. His government also appointed a 
leading local AIDS scientist as the country’s 
National AIDS Program Director. 

Despite his recognition of AIDS as a seri- 
ous health problem during his tenure, Man- 
dela was focused on building a democratic, 
nonracial, nonsexist nation as a priority. He 
raised the bar on forgiveness by his benevo- 
lent tea invitation to the prosecutor who was 
responsible for his 27-year imprisonment. He 
set up the Truth and Reconciliation Commis- 
sion under the leadership of Archbishop Des- 
mond Tutu (1984 recipient of the Nobel Peace 
Prize) to help the country deal with and purge 
its apartheid past. One of Mandela’s greatest 
achievements was to convince whites in South 
Africa that blacks would not oppress or treat 
them in the same way that they had treated 
blacks during apartheid. By voluntarily step- 
ping down after his first term as president, an 
act seldom seen in Africa, where dictators fre- 
quently cling to power as lifetime presidents, 
Mandela confirmed that South Africa had 
indeed been set on the path of democracy. 

By the end of his presidency in 1999, when 
almost one in four pregnant women was HIV 
positive (national prenatal HIV prevalence 
was 22.4%), Mandela had provided little per- 
sonal leadership or contribution in the fight 
against AIDS, as a consequence of his com- 
peting nation-building priorities. He later 
spoke of his regret in not speaking out more 
forcefully about AIDS and set about mak- 
ing amends. Mandela is well known for say- 
ing, “Unlike some politicians, I can admit to a 
mistake.” He established the Nelson Mandela 


A great world leader and humanitarian fought 
for racial equality, human rights, science 
education, and the rights of AIDS patients. 


Children’s Fund, which supported commu- 
nity programs for preventing mother-to-child 
transmission of HIV and caring for AIDS 
orphans. 

His successor, President Thabo Mbeki, 
promoted AIDS denialism, which opposed 
the scientific consensus that AIDS was caused 
by a viral infection that could be treated by 
antiretroviral drugs. During this time, the Nel- 
son Mandela Foundation sponsored a national 
household AIDS survey to focus the coun- 
try’s attention on the urgent need to act against 
AIDS. Perhaps Mandela’s most important act 
regarding AIDS was to speak out at the 13th 
International AIDS Conference in 2000 in 
Durban, when he roused the audience to 17 
standing ovations as he declared that South 
Africa and the world had to make AIDS treat- 
ment accessible to all who needed it. Mandela 
did not stop there; he fought AIDS stigma 
and discrimination by symbolically wearing a 
Treatment Action Campaign “HIV Positive” 
T-shirt. In his foreword to the book HIV/AIDS 
in South Africa (for which I was a coeditor) he 
highlighted that “we will not succeed until we 
appreciate the gender dimension of vulnera- 
bility to HIV” and “until we have addressed 
the stigmatisation and discrimination.” In 
2005, he focused attention on AIDS-related 
stigma when he announced to the world, 
“My son has died of AIDS.” Nelson Mandela 
had effectively extended his fight for freedom 
to the fight for human rights in dealing with 
AIDS and soon thereafter to the fight against 
tuberculosis. 

His philanthropy reached beyond AIDS to 
education as he pronounced that “Education 
is the most powerful weapon which you can 
use to change the world.” In establishing the 
Mandela Rhodes Foundation for educational 
scholarships in 2002, he became one of the 
country’s major contributors to postgraduate 
training in the sciences. Mandela saw this as 
central to creating the next generation of lead- 
ers for South Africa and the world. 

Mandela set humankind on the paths of 
truth, selflessness, and freedom. His long 
walk was the first step toward freedom from 
oppression, freedom from want, and free- 
dom from disease. With his passing, his 
legacy is in each of us as we follow in his 
footsteps in the enduring quest to make our 
world a better place for all. 

10.1126/science.1249822 


10 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDIT: ERIC MILLER/DOCTORS WITHOUT BORDERS/MSF 


REVIEW SUMMARY | 


Status and Ecological Effects 
of the World's Largest Carnivores 


William J. Ripple,* James A. Estes, Robert L. Beschta, Christopher C. Wilmers, Euan G. Ritchie, 
Mark Hebblewhite, Joel Berger, Bodil Elmhagen, Mike Letnic, Michael P. Nelson, 
Oswald J. Schmitz, Douglas W. Smith, Arian D. Wallach, Aaron J. Wirsing 


Background: The largest terrestrial species in the order Carnivora are wide-ranging and rare 
because of their positions at the top of food webs. They are some of the world’s most admired mam- 
mals and, ironically, some of the most imperiled. Most have experienced substantial population 
declines and range contractions throughout the world during the past two centuries. Because of the 
high metabolic demands that come with endothermy and large body size, these carnivores often 
require large prey and expansive habitats. These food requirements and wide-ranging behavior 
often bring them into conflict with humans and livestock. This, in addition to human intolerance, 
renders them vulnerable to extinction. Large carnivores face enormous threats that have caused 
massive declines in their populations and geographic ranges, including habitat loss and degrada- 
tion, persecution, utilization, and depletion of prey. We highlight how these threats can affect the 
conservation status and ecological roles of this planet’s 31 largest carnivores. 


Advances: Based on empirical studies, trophic cascades have been documented for 7 of the 31 larg- 
est mammalian carnivores (not including pinnipeds). For each of these species (see figure), human 
actions have both caused declines and contributed to recovery, providing “natural experiments” for 
quantifying their effects on food-web and community structure. Large carnivores deliver economic 
and ecosystem services via direct and indirect pathways that help maintain mammal, avian, inverte- 
brate, and herpetofauna abundance or richness. Further, they affect other ecosystem processes and 
conditions, such as scavenger subsidies, disease dynamics, carbon storage, stream morphology, and 
crop production. The maintenance or recovery of ecologically effective densities of large carnivores 
is an important tool for maintaining the structure and function of diverse ecosystems. 


Outlook: Current ecological knowledge indicates that large carnivores are necessary for the main- 
tenance of biodiversity and ecosystem function. Human actions cannot fully replace the role of large 
carnivores. Additionally, the future of increasing human resource demands and changing climate will 
affect biodiversity and ecosystem resiliency. These facts, combined with the importance of resilient 
ecosystems, indicate that large carnivores and their habitats should be maintained and restored wher- 
ever possible. Preventing the extinction of these species and the loss of their irreplaceable ecological 
function and importance will require novel, bold, and deliberate actions. We propose a Global Large 
Carnivore Initiative to coordinate local, national, and international research, conservation, and policy. 
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J. A. Estes et al., “Trophic downgrading of planet 


Earth.” Science 333, 301-306 (2011). 


Ecologically important carnivores. Seven species of 
large carnivores with documented ecological effects 
involving (A) “tri-trophic cascades” from large carni- 
vores to prey to plants, (B) “mesopredator cascades” 
from large carnivores to mesopredators to prey of 
mesopredators, and (C) both tri-trophic and meso- 
predator cascades. [Photo credits: sea otter (N. Smith), 
puma (W. Ripple), lion (K. Abley), leopard (A. Dey), Eur- 
asian lynx (B. Elmhagen), dingo (A. McNab), gray wolf 


(D. Mclaughlin)] 
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Status and Ecological Effects of the 
World's Largest Carnivores 
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Euan G. Ritchie,* Mark Hebblewhite,® Joel Berger,° Bodil Elmhagen,’ 
Mike Letnic,® Michael P. Nelson,? Oswald J. Schmitz,? Douglas W. Smith,2° 


Arian D. Wallach,* Aaron J. Wirsing?? 


Large carnivores face serious threats and are experiencing massive declines in their populations 
and geographic ranges around the world. We highlight how these threats have affected the 
conservation status and ecological functioning of the 31 largest mammalian carnivores on 
Earth. Consistent with theory, empirical studies increasingly show that large carnivores have 
substantial effects on the structure and function of diverse ecosystems. Significant cascading 
trophic interactions, mediated by their prey or sympatric mesopredators, arise when some of 
these carnivores are extirpated from or repatriated to ecosystems. Unexpected effects of trophic 
cascades on various taxa and processes include changes to bird, mammal, invertebrate, and 
herpetofauna abundance or richness; subsidies to scavengers; altered disease dynamics; carbon 
sequestration; modified stream morphology; and crop damage. Promoting tolerance and 
coexistence with large carnivores is a crucial societal challenge that will ultimately determine 
the fate of Earth’s largest carnivores and all that depends upon them, including humans. 


T= order Carnivora consists of 245 ter- 
restrial species inhabiting nearly every 
major habitat on Earth (/). These mam- 
malian species, which we call carnivores, are 
generally unified by a shared heritage of sub- 
sisting largely on other animals and are nat- 
urally rare because of their position at the top 
of the food web. These are also some of the 
world’s most revered and iconic species. Ironi- 
cally, they are also some of the most threatened. 
During the previous two centuries, many car- 
nivores have experienced substantial population 
declines, geographic range contractions, and frag- 
mentation of their habitat (2, 3). 
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Carnivores of various sizes play an important 
role in regulating ecosystems (4—7). These roles, 
moreover, may not be redundant among carni- 
vore species, because the strength and nature of 
their impacts are influenced by factors such as the 
carnivore’s size, metabolic demands, density, so- 
ciality, and hunting tactics. The larger carnivores 
especially tend to have large energetic constraints, 
slow life histories, and low population densities 
and roam widely in search of larger prey (S—/0). 
This conflation of low population densities and 
reproductive rates with high food requirements 
and wide-ranging behavior, bringing them into 
conflict with humans and livestock, is what makes 
them vulnerable and poorly able to respond to 
persecution. 

Large carnivores can exert ecological effects 
despite existing at low densities (//), but perse- 
cution can affect their social structure and in- 
fluence their ecological role (/2). Classically, 
the effects of large carnivores are thought to ex- 
tend down the food web to herbivores and to 
plants, but we are learning that their cascading 
influences propagate broadly to other species 
as mediated by their controlling effects on meso- 
carnivores (4, /3, /4). Large carnivores have the 
dual role of potentially limiting both large her- 
bivores through predation and mesocarnivores 
through intraguild competition, thus structuring 
ecosystems along multiple food-web pathways. 
Together, these controls influence the nature and 
strength of ecosystem functioning. What makes 
the conservation of large carnivores exceptionally 
important, therefore, is both their vulnerability 
to extinction and their ability to structure ecosys- 
tems. With this in mind, our focus here is on the 
largest carnivores. 

We review the conservation status and eco- 
logical effects of the 31 largest (average adult 
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body masses >15 kg) species of Carnivora (not 
including pinnipeds). Although most of these 
species are obligate meat eaters, some are omni- 
vorous and one is herbivorous (Table 1). The 
remaining 214 carnivore species with body masses 
<15 kg are not considered here, but we acknowl- 
edge they also can play important and varied roles 
in communities (4, /3). The 31 largest carni- 
vores belong to five families: Canidae, Felidae, 
Mustelidae, Ursidae, and Hyaenidae. They gen- 
erally have small population sizes (Fig. 1 and 
table S1), often due to high levels of range loss 
(Table 1). Many of these species (61%) are listed 
by the International Union for the Conservation 
of Nature (IUCN) as threatened (vulnerable, en- 
dangered, or critically endangered) and are at risk 
of local or total extinction. Most (77%) are under- 
going continuing population declines (Table 1). 
Estimates of range contractions for 17 of the 31 
species revealed that they currently occupy on 
average only 47% (minimum <1%, maximum 
73%) of their historical ranges (Table 1). These 
range losses can result in local population extinc- 
tions, which have implications for the mainte- 
nance of ecosystem and socioeconomic services. 
Thus, many of these species are gradually disap- 
pearing just as we are beginning to understand 
and appreciate their roles in ecosystems and the 
many societal benefits that accrue from their pre- 
servation (5, 5). 

We report our current understanding of the 
substantial ecological roles large-carnivore spe- 
cies play in ecosystems and how their population 
declines, extirpations, and recoveries stand to in- 
fluence ecological communities and ecosystems 
across the globe. We further consider how those 
roles may change as environmental conditions 
become altered when humans cause habitat loss 
and climate change. We end by addressing the 
outlook for the future and the looming uncertain- 
ties motivating an urgent need for more research 
on carnivore interactions in food webs and the 
conservation of these species. 


Ecological Effects of Large Carnivores 


Seven of the 31 species of large carnivores are 
associated with documented trophic cascades. 
Therefore, we focus on these seven species with 
analysis and discussion. Each of the seven species 
is well studied in comparison to other large car- 
nivores (fig. S2). In all cases, these seven species 
of large carnivores clearly have cascading influ- 
ences on ecological communities and ecosystems. 
We assessed the general strength of these effects 
using available data to calculate the log) 9 (X/Xp) 
effect magnitudes, where X, and_X, are the values 
for the response variables with the large-carnivore 
species absent and present, respectively [for methods, 
see (6)]. The effect magnitude of large-carnivore 
removal on the abundance of prey, plants, and 
mesopredators ranged from —2.3 to 2.3 (Fig. 2). 
These are considered large effects. For example, 
an effect size of 2 or —2 represents a difference of 
two orders of magnitude (100 times) in the effect 
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between when carnivores are absent as compared 
to present. These values also rank relatively high 
when compared to a meta-analysis of 114 case 
studies of predators from both aquatic and ter- 
restrial systems, where effects, expressed in logy 
ratios, ranged from —0.3 to 1.0 (/6). With the 
exception of the sea otter, all of the aquatic and 
terrestrial predators included in that study were 
<2 kg in body mass, suggesting a potential link 
between carnivore size and ecological influence. 
Below we provide a brief synthesis for each of 
the seven large-carnivore species. Following these 
species accounts is a general discussion of other 
large-carnivore species, for which less is known 
about their ecological effects. 


Lions and Leopards 


The African lion (Panthera leo) occupies 17% of 
its historical range and is listed as vulnerable by 


Table 1. Large-carnivore species list, body mass (in kilograms), 
diet, endangerment status, population trend, and percent of his- 
torical range occupied. Body masses are from Gittleman (15), Mammalian 
Species Accounts, and the Animal Diversity Web. Diet categories are from 


the IUCN. Its abundance has declined dramati- 
cally in recent decades because of habitat loss 
and indiscriminate killing in defense of humans 
and livestock (/7). The leopard (Panthera pardus) 
is near threatened and occupies 65% of its his- 
torical range. When sympatric, lions and leopards 
exert control on mesopredators. In West Africa, 
olive baboons (Papio anubis) increased in abun- 
dance at rates most closely correlated with de- 
clines in these apex predators relative to seven 
other environmental variables that might explain 
baboon abundance and range occupancy (/8). 
Increases in baboons correlated with accelerated 
declines in small ungulates and primates. Among 
large mammals, baboons pose the greatest threat 
to livestock and crops and they use many of the 
same sources of animal protein and plant foods as 
humans in sub-Saharan Africa. In some areas, 
baboon raids in agricultural fields require fami- 


endangered. 


lies to keep children out of school so they can 
help guard planted crops (/8). 


Dingoes 

The dingo (Canis dingo), thought to have arrived 
in Australia around 5000 years ago (19), became 
the sole remaining mammalian apex predator on 
the continent after the extinction of the Tasma- 
nian tiger (Thylacinus cynocephalus). With Euro- 
pean settlement, dingo populations have been 
affected across the continent, notably by the erec- 
tion of a 5500-km dingo-proof fence designed to 
keep dingoes out of Australia’s major sheep-grazing 
region. The presence and absence of dingoes on 
either side of the fence, along with variation in 
dingo management practices among properties, 
has produced a continental-scale experiment. The 
most significant and well-understood effects of 
dingoes are in the control of populations of native 


Hunter (1) as follows: M, meat eater; V, vegetation and/or fruit eater; O, 
omnivore. Species status and trend are from the IUCN Red List (16): LC, least 
concern; NT, near threatened; VU, vulnerable; EN, endangered; CR, critically 


Family/species* Common name Mass, diet IUCN status (trend) % of historical range Reference for % of historical range 
Canidae 
Canis lupus Gray wolf 33, M LC (stable) 67 (1) 
Canis rufus Red wolf 25, M CR (increasing) <1 (91) 
Chrysocyon brachyurus Maned wolf 23, 0 NT (unknown) 68 (2) 
Lycaon pictus African wild dog 22, M EN (decreasing) 10 (17) 
Cuon alpinus Dhole 16, M EN (decreasing) - - 
Canis dingot Dingo 15, M VU (decreasing) 84 (20) 
Canis simensis Ethiopian wolf 15, M EN (decreasing) 2 (17) 
Felidae 
Panthera tigris Tiger 161, M EN (decreasing) 18 (3) 
Panthera leo Lion 156, M VU (decreasing) 17 (17) 
Panthera onca Jaguar 87, M NT (decreasing) 57 (3) 
Acinonyx jubatus Cheetah 59, M VU (decreasing) 17 (17) 
Panthera pardus Leopard 53, M NT (decreasing) 65 (3) 
Puma concolor Puma 52, M LC (decreasing) 73 (3) 
Panthera uncia Snow leopard 33, M EN (decreasing) - - 
Neofelis nebulosa Clouded leopard 20, M VU (decreasing) - - 
Neofelis diardi Sunda clouded leopard 20, M VU (decreasing) - - 
Lynx lynx Eurasian lynx 18, M LC (stable) - - 
Mustelidae 
Enhydra lutris Sea otter 28, M EN (decreasing) - - 
Pteronura brasilliensis Giant otter 24,M EN (decreasing) = - 
Aonyx capensis Cape clawless otter 19, M LC (stable) - - 
Ursidae 
Ursus maritimus Polar bear 365, M VU (decreasing) = - 
Ursus arctus Brown bear 299, 0 LC (stable) 68 (3) 
Ailuropoda melanoleuca Giant panda 134, V EN (decreasing) - - 
Ursus americanus American black bear 111, O LC (increasing) 59 (35) 
Tremarctos ornatus Andean black bear 105, O VU (decreasing) - - 
Ursus thibetanus Asiatic black bear 104, O VU (decreasing) - - 
Melursus ursinus Sloth bear 102, O VU (decreasing) = = 
Helarctos malayanus Sun bear 46, 0 VU (decreasing) - - 
Hyaenidae 
Crocuta crocuta Spotted hyena 52, M LC (decreasing) 73 (17) 
Hyaena brunnea Brown hyena 43,0 NT (decreasing) 62 (17) 
Hyaena hyaena Striped hyena 27,0 NT (decreasing) 62 (17) 


*Changes to taxonomic status have influenced the number of species included in this group, and some less-known and taxonomically ambiguous carnivores may be missing from this analysis 


because they have yet to be listed by the IUCN. 
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{Currently incorporates the New Guinea singing dog, C. hallstromi, whose taxonomic and conservation status is yet to be elucidated. 


10 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


herbivores, introduced herbivores, and the exotic 
mesopredator the red fox (Vulpes vulpes). The 
suppression of these species by dingoes reduces 
total herbivory and predation pressure, in turn 
benefiting plant communities and smaller native 
prey (12, 14, 20, 21). The dingo’s social stability 
and associated behavior are thought to be key to 
its ecological effectiveness (/2). Overall, the sup- 
pression of dingoes has probably contributed to 
the endangerment and extinction of small marsu- 
pials and rodents over much of the continent (2/, 22). 


Eurasian Lynx 


The Eurasian lynx (Lynx /ynx) maintains an ex- 
tensive distribution in eastern and northern Eu- 
rasia, but it has been extirpated from large parts 
of Western Europe (23). At the continental scale, 
the effects of lynx predation increase with harsh 
winter conditions (23, 24). Lynx may limit both 
prey (roe deer Capreolus capreolus) and meso- 
camivore (red fox) abundance, so changes in lynx 
status may trigger cascading effects along two 
pathways, of which the mesocarnivore-mediated 
cascade is the more explored (25). The recent 
recovery and enhanced conservation protection 
of Eurasian lynx in Finland were accompanied 
by a decline in red fox abundance and a com- 
mensurate recovery in the abundance of forest 
grouse (Tetrao tetrix and T. urogallus) and moun- 
tain hare (Lepus timidus) (7, 25). Moreover, where 
lynx density had recovered to “ecologically effec- 
tive” levels, the controlling effects of lynx on red 
foxes and prey increased with ecosystem pro- 


Fig. 1. Worldwide population 


ductivity, indicating that the strength of predator 
control may vary as a function of the net primary 
productivity of the ecosystem (26, 27). 


Sea Otters 


Sea otters (Enhydra lutris) were hunted to near- 
extinction during the Pacific maritime fur trade in 
the 18th and 19th centuries (28). Sea otter pop- 
ulations are presently stable or increasing from 
about Kodiak Island eastward, deeply depleted 
[presumably because of killer whale predation 
(29)] from about Kodiak Island westward through 
the Aleutian archipelago, and largely recovered 
in Russia. The earlier recovery of these popula- 
tions and the more recent decline of recovered 
populations in southwest Alaska (29) offer nat- 
ural experiments to study the sea otter’s influ- 
ences on coastal ecosystems. The best-documented 
cascade of effects involves sea otters limiting 
herbivorous sea urchins and, in turn, enhancing 
the abundance and distribution of kelp and other 
fleshy macroalgae in coastal inshore ecosystems 
(Fig. 3A) (30). As sea otter populations recover 
and decline, shifts between the kelp-dominated 
and urchin-dominated conditions can be abrupt 
(31). Once reached, these different ecological states 
tend to persist (32) unless the system is pushed 
strongly to the other state by substantial increases 
or reductions in otter abundance. The follow-on 
effects of these shifts influence numerous other 
species and ecological processes in coastal eco- 
systems through three basic mechanisms: the cre- 
ation of biogenic habitat (i.e., created by living 
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organisims), the enhancement of primary pro- 
duction, and the influence of kelp forests in 
dampening coastal waves and currents [reviewed 
in (3/)]. 


Gray Wolves 


The gray wolf (Canis lupus) is one of the world’s 
most widely distributed mammals and the most 
studied large carnivore (fig. $2). It has been ex- 
tirpated from much of Western Europe, the United 
States, and Mexico, and its overall range has been 
reduced by approximately one-third because of 
persecution by humans and habitat fragmentation 
(J). In recent decades, wolf population declines 
have been arrested because of enhanced legal 
protection, reintroduction programs, and natural 
recolonization, resulting in population recoveries 
in portions of the Rocky Mountains, Great Lakes, 
and southwestern regions of North America, as 
well as in various parts of Europe. Other than 
humans, gray wolves, by virtue of their wide- 
spread geographic distribution, group hunting, 
and year-round activity, are the most important 
predator of cervids in the Northern Hemisphere 
(33). Predation by wolves with sympatric bears 
(Ursus spp.) generally limits cervid densities (33). 
In North America and Eurasia, cervid densities 
were, on average, nearly six times higher in areas 
without wolves than in areas with wolves (34). As 
early as the 1940s, cervid irruptions, after wolf and 
other predator declines, were first documented in 
various ecosystems of western North America 
(35). The shifts in plant communities consequent 
to the cascading effects of wolf extirpations and 
of recoveries have been found across a variety of 
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lizards, and butterflies. Their presence may also 
help to stabilize stream banks and channels (38). 
Pumas may induce their prey to engage in “human 
shielding” as an antipredator strategy. Deer at risk 
from pumas, for example, associated themselves 
with human development at high densities, in turn 
causing plant damage (38, 39). 


Other Large Carnivores 


Little is known about the ecological effects of the 
other large-carnivore species listed in Table 1, 
and questions remain about their potential roles 
in controlling food webs and ecosystem func- 
tioning, especially in the tropics and subtropics 
(Fig. 5). However, some valuable lessons come 
from the flooding of a forest region in Venezuela 
to generate hydroelectric power. This once-intact, 
productive tropical system was composed of a 
species-rich food web with multiple linkages 
among species. Flooding fragmented the region 
to produce mountaintop islands—the Lago Guri 


Large carnivore 


islands—tesulting in the loss of an entire predator 
guild of jaguars (Panthera onca), pumas, lesser 
mammalian predators, large raptors, and snakes 
(40). This loss of predators had cascading effects 
on species of pollinators, seed dispersers, seed 
predators, folivores, and mesopredators, as well 
as on woody plant recruitment, bird abundance, 
and soil carbon/nitrogen ratios (4/). 

Predator species often co-occur, requiring con- 
sideration of their joint effects. Multiple predator 
effects on prey species and on ecosystems can be 
synergistic (15). Thus, in some cases, the strength 
of a trophic cascade may be due to synergisms 
owing to complementarity among species in the 
top carnivore guild of communities. This implies 
that the combined effects of predator species may 
need to be conserved to fully ensure control over 
communities and ecosystem functioning. For ex- 
ample, bears of northern latitudes (Ursus spp.) 
may control the recruitment of juveniles into 
populations of their prey species (42). Because 


bears are opportunistic omnivores and eat a varie- 
ty of foods, their effects may complement those of 
gray wolves (34). In North America, both black 
(U. americanus) and brown (U. arctos) bears com- 
monly prey on neonatal cervids, taking a large 
percentage of the annual offspring that are less 
than 1 month old, and these effects could be ad- 
ditive. In Yellowstone National Park, bears killed 
more elk (Cervus elaphus) calves than did gray 
wolves, coyotes (Canis latrans), and pumas com- 
bined (43). In Europe, roe deer densities were 
significantly lower in areas with sympatric wolves 
and lynx than in areas with wolves alone or areas 
where both predators were absent (24, 34). The 
effect of multiple predators on prey, however, 
need not always be synergistic. Adult female elk 
mortality was similar in areas of western North 
America with pumas alone as compared to areas 
with sympatric pumas and wolves (44). 
Questions persist about how large-carnivore 
effects interact with habitat productivity. Theory 


Effects after large carnivore decline 
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Fig. 2. Examples of effect sizes, shown as log, ratios, after the re- 
moval of large-carnivore species. Sea otters (29, 92), dingoes-foxes and 
dingoes-kangaroo (21, 93), dingoes-mice (Notonmys fuscus) (93), dingoes- 
grasses (20), gray wolves—hardwood trees (94, 95), pumas—hardwood trees 
(38, 39), pumas-deer-herpetofauna-butterflies (38), and lions and leopards 
(18). The number of years refers to the time since large-carnivore extirpation. 
The logy ratios were calculated by dividing the values of each response 
variable without predator by those with predator and then taking the log, of 
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Log,, ratio effect size 


leopard (A. Dey)] 


that ratio. Positive log ratios; indicate a positive effect, and negative logio 
ratios indicate a negative effect of removing large carnivores. For studies using 
time-series data, we used the final sampling date in our analysis. The orange 
bars indicate direct effects and the blue bars indicate indirect effects. Error 
bars represent standard errors and were only available in some cases. [Photo 
credits: sea otter (N. Smith), dingo (A. McNab), gray wolf (Yellowstone National 
Park), puma (Washington Department of Fish and Wildlife), lion (K. Abley), 
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predicts that the strength of cascading effects may 
vary with the productivity of ecosystems and 
should show a “humped relationship” with eco- 
system productivity (26, 27). That is, we might 
not expect to see strong trophic cascades in eco- 
systems such as extreme deserts, high elevations, 
or high latitudes, where low primary productivity 
limits herbivore populations and where there is 
insufficient energy available to support popula- 
tions of large carnivores (27). The trophic effects 
of single carnivore species might also be dimin- 
ished in extremely productive environments, 
because prey species diversity may also be high 
in such systems and, consequently, the strength 
of interspecific interactions is diffused across a 
greater number of interaction pathways (20, 4/, 45). 
For example, in a productive tropical forest, Sunda 
clouded leopards (Neofelis diardi) had no mea- 
surable effect on the abundance of the main large 
ungulate prey species (46). Conversely, there is 
also empirical evidence indicating that some canids 
consistently limit prey densities regardless of eco- 
system productivity (34, 47). Accordingly, more 
analyses of how productivity interacts with trophic 
interactions are needed. To this end, regions har- 
boring large-carnivore populations with different 
conservation statuses, including places without 
them, can be used as broad bioclimatic contexts 
for natural experiments. 


Ecosystem and Economic Services 


Large carnivores deliver economic and ecosys- 
tem services in a variety of direct and indirect 
ways. Because of their iconic and charismatic 
nature, large carnivores provide direct economic 


Fig. 3. Examples of plant re- 
sponse after sea otter reduction A 
and after gray wolf recovery. (A) 
An area of seafloor near Kirilof 
Point, Amchitka Island, Alaska, in 
1971 (upper left, photo by P. Dayton), 
at which time sea otters were abun- 
dant, and in 2001 (lower left, photo 
by M. Kenner) at which time sea 
otter numbers had been reduced 
by more than 90% by killer whale 
predation. (B) Photos of the Yellow- 
stone Northern Range taken in 
October 1994 (top right, photo by 
National Park Service) and Novem- 
ber 2012 (bottom right, photo by 
D. Mclaughlin), showing increased 
recruitment of aspen since wolf re- 
introduction in 1995-1996 at the 
site of the Crystal Creek gray wolf 
holding pen, which was removed in 
1998. Young aspen in the 1994 
photo were mostly less than 1 m 
tall and those in the 2012 photo 
were typically 3 to 4 m tall. 
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benefits associated with tourism. In both Minnesota 
and Yellowstone (48, 49) and the African photo- 
safari industry (50), the opportunity to simply 
observe large carnivores can drive tourism re- 
venue. In Yellowstone alone, wolf-related tour- 
ism expenditures range from $22 million to 
$48 million (in U.S. dollars) per year (49). 
Large carnivores also have strong potential to 
indirectly deliver ecosystem services, such as car- 
bon storage to buffer climate change, biodiversity 
enhancement, reestablishment of native plant diver- 
sity, riparian restoration, and even regulation of 
diseases. In some ecosystems, large carnivores may 
enhance carbon storage by limiting the numbers 
of their herbivore prey, thus allowing plants (all 
of which absorb and store CO>) to flourish. Car- 
nivore conservation and restoration might reverse 
declines in forests stands and production, thereby 
aiding carbon storage, especially in the highly 
productive tropics, where declines in plant bio- 
mass occur after predator extirpation (40, 4/). 
Maintaining gray wolf populations and their in- 
teractions with moose is estimated to help store 
significant amounts of carbon in boreal ecosys- 
tems (5/). The restoration of sea otter populations 
can reduce sea urchin herbivores, thereby allow- 
ing kelp ecosystems to flourish at levels that 
can, in the North American range, lead to a 4.4- to 
8.7-teragram increase in stored carbon valued at 
$205 million to $408 million (in U.S. dollars) on the 
European Carbon Exchange (52). Predators may 
enhance scavenger diversity (53) and thereby con- 
tribute to nutrient cycling, in addition to myriad 
other documented cascading and ramifying path- 
ways (/5). In riparian systems, large carnivores 
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may reduce stream bank erosion through the 
growth of woody plants and enhance water qual- 
ity and flood control through the restoration of 
beaver that benefit from the restored plants (54-57). 
Large carnivores help reduce disease prevalence 
in ungulate prey populations, thereby mitigating 
agricultural costs because of spillover effects on 
domestic livestock (58). Perhaps counterintuitive- 
ly, large carnivores may also provide crucial ser- 
vices for the very industry they are perceived to 
be at most in conflict with: pastoralism. By limit- 
ing the density of wild herbivores and promoting 
productivity, large carnivores may enable pasto- 
ral activities that are sustainable (12, 59). This is 
not to deny that large carnivores also have direct 
costs, often associated with livestock losses (60), 
and balancing these costs against potential ben- 
efits for human-dominated ecosystems as a whole 
is a pressing challenge (6/). Regardless, the po- 
tentially widespread beneficial ecosystem and eco- 
nomic services associated with large carnivores 
are underappreciated by society. 


Anthropogenic Impacts 


Large-carnivore population declines are typically 
precipitated by multiple, and sometimes concur- 
rent, human threats, including habitat loss and 
degradation, persecution, utilization (such as for 
traditional medicine, trophy hunting, or furs), and 
depletion of prey. Globally, the strength of these 
threats varies substantially by region (Fig. 6 and 
table S2). These threats are sometimes localized 
to only parts of a carnivore’s range and, in some 
cases, may extend beyond its range, thus acting 
to limit reoccupation of former habitats. 


Gray wolf recovery 
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Human actions may dampen or even elimi- 
nate cascading effects. For example, Mexican gray 
wolves in southwestern North America have not 
yet been restored to an ecologically effective den- 
sity in relation to that of their main prey, elk, be- 
cause of ongoing conflicts with livestock grazing 
and repeated management translocations (62). 
Likewise, recent wide-scale hunting of recover- 
ing gray wolf populations in parts of the Great 
Lakes region and the western United States may 
reduce wolf populations below sizes at which 
they are able to exert their effects on communities 
and ecosystems (63-65). Furthermore, wolves 
and other carnivores may have little influence on 
other species in areas where human hunters have 
disproportionate effects on prey densities (66). 
Few large carnivores can persist in parts of Latin 
America, Asia, and Africa because of the loss of 
wild ungulate prey species caused by activities 
such as hunting for bushmeat. The extraction of 
bushmeat, in turn, has created “empty forests” 
(/). Conversely, hyperabundant exotic ungulates 
(domestic livestock) are present in much of the 
world. These livestock are a potential prey base 
and thus a continuing source of conflict between 
humans and large carnivores (/7). 

Hunting by humans, whether legal as in North 
America and Europe or illegal as in the pantrop- 
ical bushmeat trade, may itself cause trophic 
cascades, because humans are also predators with 
the potential for ecological impacts. Indeed, hu- 
man hunting pressure on moose (Alces alces) has 
led to the release of control on willow (Salix spp.) 
shrub production and hence encouraged increases 
in neotropical migrant bird abundances (42). Al- 
though it is often claimed that human hunting 
substitutes for predators, it remains doubtful 
whether such substitution actually leads to the 
same functional consequences for communities 
and ecosystems. Effects may be different because 
of differences in the intensity and timing of pre- 
dation by humans versus predators, as well as hunt- 
ing effects on the behavior, age, and sex of prey 
(67). Many camivores hunt year-round, day or night, 
and away from human access points. The behavioral 
responses of prey to predation risk caused by 
carnivores may create an “ecology of fear” with 
myriad cascading effects on ecosystems (68). In 
the end, it is not surprising that various human 
activities in Australia (/2), North America (13, 34), 
and Eurasia (24) have been unsuccessful in sub- 
stituting for large carnivores to control populations 
of native and nonnative herbivores and mesopred- 
ators. The huge importance of camivores is exem- 
plified by the fact that humans typically cannot 
replicate the effects of carnivores on ecosystems. 

Habitat fragmentation, and more generally the 
intensity of human uses of landscapes, continue to 
be persistent threats to larger-bodied carnivores, 
with the potential for cascading impacts on spe- 
cies diversity (5, 38). There exists, therefore, an 
increasing need to understand the interacting ef- 
fects of anthropogenic land-use changes and al- 
tered large-carnivore guilds on community structure 
and function. Because of differences in their 
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ecology and human tolerance, pumas are able to 
persist in areas with much higher levels of human 
land use than are gray wolves, even though these 
two carnivores are of similar size. Such differen- 
tial predator species loss in the face of landscape 
changes may be especially critical if synergism 
among multiple large carnivores within predator 
guilds is required to maintain control over prey 
populations (34, 43). These and other carnivore 
species make kills in different habitats, or scav- 
enge to supplement their diets, which can de- 
termine the nature and rates of prey kills and 


consumption (53, 69). In addition to altering 
predator communities, increased human land use 
can alter nutrient and water availability, thereby 
mitigating natural controls over ecological com- 
munities and ecosystem functioning (70). 
Perhaps one of the most insidious threats to 
carnivores is global human population size and 
its associated resource consumption, which are 
expected to continue rising significantly through 
at least 2050 (Fig. 7). Increased human popula- 
tion size can lead to increased demand for meat. 
Interestingly, human carnivory competes with 


Wolf direct effects —_—_ 


Wolf indirect effects = = =)» 


. Scavengers 


Fig. 4. Conceptual diagram showing direct (solid lines) and indirect (dashed lines) effects of 
gray wolf reintroduction into the Greater Yellowstone ecosystem. Wolf direct effects have been 
documented for elk (96) and coyotes (97), whereas indirect effects have been shown for pronghorn (98), 
small mammals (99), woody plants (100), stream morphology (54), beaver (55), birds (101), berry 
production (63), scavengers (53), and bears (56, 63). This is a simplified diagram, and not all species and 
trophic interactions are shown. For example, the diagram does not address any potential top-down effects 
of pumas, bears, and golden eagles (Aquila chrysaetos), which are all part of the Yellowstone predator 
guild where juvenile or adult elk are prey. 
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large carnivores. For example, the need for hu- 
mans to either produce meat through livestock 
production or to exploit wild sources necessarily 
puts extra pressure on large carnivores on mul- 
tiple fronts, including ongoing habitat loss from 
land conversion, depletion of prey, and direct per- 
secution due to conflicts with livestock. In light 
of their slow life histories and requirement for 
large continuous habitat, such trends exacerbate 
the vulnerability of large carnivores to extinction 
(9). Increases in both human population and meat 
consumption can also affect biodiversity, green- 
house gas emissions, food security, deforestation, 
desertification, and water quality and quantity 
(71, 72). Therefore, policy for carnivore conser- 
vation needs to be joined up with policy address- 
ing these other converging issues having implications 
at the global scale (7/, 72). Ideally, discussions 
regarding potential decreases in both human fer- 
tility rates and per-capita meat consumption would 
be part of a long-term strategy for overcoming 
these concurrent challenges. 


Climate Change 

Looking forward, the status of large carnivores 
will influence the extent to which individual spe- 
cies, biotic communities, and ecosystems respond 
to climate change. For example, mesopredators 


Number of large 
carnivore species 


gray wolf maned wolf African wild dog African wild dog dingo gray wolf gray wolf gray wolf 
puma jaguar lion lion dhole dhole Eurasian lynx 
brown bear puma cheetah cheetah snow leopard tiger brown bear 
American black bear giant otter leopard leopard clouded leopard leopard 

spotted hyena spotted hyena leopard Eurasian lynx 

brown hyena striped hyena Eurasian lynx brown bear 

Cape clawless otter Cape clawless otter brown bear Asiatic black bear 


Fig. 5. Contemporary overlap of large carnivore ranges throughout the 
world. Compared to historical times, large-carnivore range contractions have 
been most extensive in Europe, southeastern North America, and western and 
central Africa. The areas with the highest number of species and with intact large- 
carnivore guilds are some of the best regions for research and conservation (e.g., 
southeastern Asia, eastern and southern Africa, and northwestern North America). 
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that have been released from control by the loss 
of their carnivore predators may increase further 
in abundance wherever climate change relaxes 
limitations on their own prey (23). Large car- 
nivores may instrumentally determine resilience 
against invading species, because both native and 
introduced species are less likely to become in- 
vasive in ecosystems in which food-web inter- 
dependencies remain intact (7). These potential 
buffering capacities remain both poorly appre- 
ciated and poorly understood. Widespread mod- 
eling approaches forecasting climate change effects 
on species still simplistically assume that such 
interactions and interdependencies do not require 
consideration, let alone quantification (73). Further- 
more, climate change is already causing species 
geographic range shifts that stand to disrupt ex- 
isting species interactions (74, 75). As species 
move at different rates and in different directions, 
novel communities are likely to be created as 
new combinations of predator and prey species 
assemble on landscapes. The recently documented 
change in hunting locations and food habits 
among polar bears (Ursus maritimus) is a case in 
point. With receding sea ice, polar bears have 
more difficulty hunting seals, their traditional prey, 
and are now feeding onshore on the eggs of 
migratory waterfowl (76). 


REVIEW 


As climate change progresses, large carnivores 
might serve as important buffers or amplifiers of 
effects on ecosystems (77). In Yellowstone Na- 
tional Park, reintroduced gray wolves control the 
timing and abundance of ungulate carrion re- 
sources, on which a suite of scavenger species, 
ranging in size from grizzly bears to magpies 
(Pica hudsonia), depend for winter survival and 
reproduction. The return of wolves has buffered 
the influence of climate change on late-winter 
carrion availability (77) by shifting the dynamics 
of carrion availability from a boom—and-bust cy- 
cle, linked to climate variability, to a more depend- 
able resource based on shifting patterns of wolf 
pack size (53). Large carnivores might also help 
augment ecosystem carbon storage by suppressing 
herbivores, thereby allowing plants to flourish 
(34). For instance, the decline of large carnivores 
in western North America was followed by a de- 
cline in hardwood tree recruitment in riparian 
areas of over two orders of magnitude (6). In north- 
ern North America, gray wolves limiting moose 
populations may be responsible for increased net 
ecosystem uptake of carbon due to decreased 
browsing and increased net primary productivity 
(5). Likewise, the presence of sea otters in near- 
shore environments suppresses sea urchins, al- 
lowing macroalgael kelp to thrive and thereby 


Asiatic black bear 
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Northern Eurasia is the region with the most expansive range for a three-species 
guild (gray wolves, Eurasian lynx, and brown bear). The percent of the total 
terrestrial land area in each of the eight classes in the map includes 0, 13.3%; 1, 
29.1%; 2, 23.5%; 3, 20.5%; 4, 9.1%; 5, 2.8%; 6, 1.1%; 7, 0.4%; 8, 0.1%. Only 
~5% of Earth’s land surface currently contains more than four overlapping large- 
carnivore species. See fig. $4 for individual range maps. Source: IUCN (92). 
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increasing ecosystem carbon production and stor- 
age by one to two orders of magnitude (52). Glob- 
ally, several billion head of ruminating livestock 
affect global climate change by contributing sig- 
nificant amounts of methane, nitrous oxide, and 
carbon dioxide (~5.7 gigatons of CO2 equivalent 
per year) to the atmosphere, making domestic ru- 
minants a significant contributor to climate change 
(11.6% of all anthropogenic emissions of green- 
house gases) (72). Decreasing global livestock 
numbers to reduce greenhouse gas emissions 
would both mitigate climate change and benefit 
large-carnivore conservation by reducing ongoing 
worldwide conflict between large carnivores and 
livestock. 


Outlook 


The loss of large carnivores across global eco- 
systems is predicted to lead to two general out- 
comes. First, as apex predators are lost, we should 
expect continued change in cascading controls 
over communities and ecosystem function. Al- 
though these effects will differ with the variation 
in precipitation, temperature, productivity, diver- 
sity, and overall landscape features, the continued 
loss of carnivores nonetheless will be accom- 


Habitat loss & fragmentation Hl c 


panied by changes in plant species diversity, bio- 
mass, and productivity. In forest and arid ecosystems, 
the loss of palatable perennial plant species may 
interact with global warming to increase the rate 
of desertification. Because plants are the trophic 
foundation of all ecosystems, these vegetation 
changes can be expected to have wide-ranging 
influences on virtually all other species. The grow- 
ing list of case studies, some of which we presented 
above, may well represent the tip of the proverbial 
iceberg. Changes in species abundance resulting 
from the loss of large carnivores can be expected 
to influence numerous other ecological processes, 
including disease dynamics (78, 79), wildfire (80), 
and carbon sequestration (5/). Furthermore, the 
effects of large carnivores are now known to have 
wide ramifications through highly interconnected 
food-web networks within their associated eco- 
systems (8/). Second, we should expect surprises, 
because we have only just begun to understand 
the influences of these animals in the fabric of 
nature (82). 

The classic conception of large-carnivore in- 
fluences on ecosystems held that predators were 
responsible for depleting resources such as fish, 
wildlife, and domestic livestock. This assumption 


Utilization (e.g. traditional medicine, fur) 


is still used to justify wildlife management prac- 
tices aiming to limit or eradicate predators in 
some regions (83, 84). This conception of car- 
nivore ecology is now outdated and in need of 
fundamental change. Indeed, evidence shows that 
their roles are far more complex and varied, and 
their myriad social and economic effects on hu- 
mans include many benefits. Conservation deci- 
sions must begin to account for these integral roles 
and the attendant economic costs of carnivore 
species losses. 

Currently, the IUCN Species Survival Com- 
mission (SSC) action plan series represents per- 
haps the most comprehensive attempt to establish 
priorities for individual species or taxa (84, 85). 
These action plans not only provide assessments 
of threats but recommend conservation monitor- 
ing and actions for each large-carnivore species 
(table S3). Action plans are compiled by the tax- 
onomically organized SSC’s Specialist Groups 
(for example, the Canid Specialist Group com- 
piles action plans for all canid species). Large 
carnivores, however, also share common conser- 
vation challenges that cross taxonomic bounda- 
ries: slow life histories, requirement for extensive 
and continuous habitat, low densities, complex 


Persecution (conflict with humans) 


Depletion of prey 


Fig. 6. Maps showing the the spatial overlap for the ranges of large- 
carnivore species by threat category for habitat loss and fragmenta- 
tion, persecution, utilization, and depletion of prey. The number of 
large-carnivore species affected by specific threats is shown in the map legend. 
Threat catgories include: (A) Habitat loss and fragmentation. Forest logging 
and/or the development of urban, agricultural, and road infrastructure reduces 
land available to large carnivores and creates barriers between and within 
populations. (B) Persecution. Culling (poison baiting, trapping, and shooting) 
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for the purpose of removal or reduction, in some cases reinforced with a 
government-subsidized bounty system, in response to real or perceived threat 
to pastoral and agricultural activities and human lives. (C) Utilization. Large 
carnivores are killed for sport, body parts for traditional medicine, fur, and 
meat for human consumption, and live animals are captured and sold. (D) 
Depletion of prey. The decline of prey populations due to human hunting, 
competition with livestock, habitat loss, and other factors reduces the prey 
base for large carnivores. See table S2 for raw data. Source: IUCN (91). 
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social structures, importance to ecological func- 
tion, and conflict with humans. These common 
traits and challenges have given rise to the crea- 
tion of the Large Carnivore Initiative for Europe, 
a Specialist Group whose vision is “to maintain 
and restore, in coexistence with people, viable 
populations of large carnivores as an integral part 
of ecosystems and landscapes across Europe” 
(86). We propose the expansion of this initia- 
tive, to establish a Global Large Carnivore Initia- 
tive (GLCI). 

There is now a substantial body of research 
demonstrating that, alongside climate change, 
eliminating large carnivores is one of the most 
significant anthropogenic impacts on nature (5). 
Unlike climate change, however, large-carnivore 
conservation has yet to become a focus of wide- 
spread public recognition, possibly because they 
are rare, remote, and in some cases perceived to 
be dangerous and a threat to economic prosperity. 
The formation of a GLCI would be an important 
step for the advancement of international public 
recognition of the ecological role and inherent 
value of large carnivores, and for developing and 
coordinating strategies for conservation actions 
that promote human/large-carnivore coexistence. 
Such an organization could be modeled, in part, 
after the Global Tiger Initiative, which is coor- 
dinating local, national, and international tiger 
conservation policy across their distribution and 
was endorsed in 2010 by the leaders of all 13 
tiger-range countries, with funding from the World 
Bank (87). These 13 countries and partners have 
moved well beyond words to accomplishments on 
the ground, including securing funding, establish- 
ing new tiger reserves, passing laws on tiger con- 
servation, creating high-level commissions to 
improve wildlife law enforcement, addressing 
habitat loss and fragmentation, promoting con- 
nectivity, and more (87). The success of any fu- 
ture GLCI would probably include these types 
of authoritative actions, orchestrated by politi- 


Fig. 7. Historical and projected 


cally bold commitments from nations around 
the world. 


A Final Word 


One of the main ecological arguments for the 
conservation of large carnivores is that they are 
often capable of exerting strong regulatory effects 
on ecosystems (5, /5). Although we present evi- 
dence that seven of the top carnivore species we 
reviewed here have such trophic effects, we know 
much less about the trophic impacts of the 24 
other species of large carnivores. More research 
directed at these species is needed. Also, we need 
a better understanding of minimum required den- 
sities for large carnivores to maintain trophic 
cascades in different ecosystems, and when and 
where the strength of those effects is likely to be 
large versus small. It is also important to under- 
stand which human activities are most in conflict 
with the conservation of specific large carnivores. 

A crucial societal challenge is finding creative 
solutions to maintain viable populations of large 
carnivores in the face of alternative land uses 
(7, 59). This is most urgent because global live- 
stock production continues to encroach on land 
needed by large carnivores, particularly in the de- 
veloping world, where livestock production tri- 
pled between 1980 and 2002 (88). If the world 
continues to transition into one that replaces top 
carnivores with livestock and mesopredators, it is 
incumbent on us to understand more about the 
ecological effects of such a downward ratcheting 
on ecosystems. More large and livestock-free 
protected areas are needed, especially in regions 
such as southeastern Asia, where large-carnivore 
richness (Fig. 5) remains the highest in the world. 
Yet even in these regions, carnivore populations 
are decreasing (Table 1) and few large reserves 
exist (fig. S3). More protected areas alone will 
not be sufficient, so strategies are also needed to 
facilitate human coexistence with these animals 
across working landscapes (59). 
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Large-carnivore conservation might best be 
served by a two-pronged approach. First, there is 
a need for increased recognition of and focus on 
conserving the full range of the potential effects 
provided by large carnivores, because this may 
lead to broader biodiversity, as well as social and 
economic benefits (5, /5, 89). In areas where large 
carnivores have been displaced or locally extir- 
pated, their reintroduction may represent a par- 
ticularly effective approach for passively restoring 
those ecosystems. However, harnessing the pos- 
itive effects of large carnivores while (i) mini- 
mizing their impacts on humans and (ii) getting 
humans to adapt to large-carnivore presence, rep- 
resents a major sociopolitical challenge. Biodi- 
versity conservation programs intended to retain 
or reintroduce large carnivores must ultimately 
address both of these challenges if they are to 
succeed. Second, large-carnivore conservation 
might also be seen as a moral obligation—the 
recognition of the intrinsic value of all species. A 
40-year history of the field of environmental 
ethics has both rigorous and systematic ratio- 
nales for valuing species and nature itself. Large- 
carnivore conservation, therefore, might benefit 
greatly from a more formal relationship with prac- 
titioners of environmental ethics. It will probably 
take a change in both human attitudes and actions 
to avoid imminent large-carnivore extinctions. A 
future for these carnivore species and their con- 
tinued effects on planet Earth’s ecosystems may 
depend upon it. 
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Association of the Autoimmune 
Disease Scleroderma with an 
Immunologic Response to Cancer 
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Autoimmune diseases are thought to be initiated by exposures to foreign antigens that cross-react with 
endogenous molecules. Scleroderma is an autoimmune connective tissue disease in which patients 
make antibodies to a limited group of autoantigens, including RPC1, encoded by the POLR3A gene. 
As patients with scleroderma and antibodies against RPC1 are at increased risk for cancer, we 
hypothesized that the “foreign” antigens in this autoimmune disease are encoded by somatically mutated 
genes in the patients’ incipient cancers. Studying cancers from scleroderma patients, we found genetic 
alterations of the POLR3A locus in six of eight patients with antibodies to RPC1 but not in eight 
patients without antibodies to RPC1. Analyses of peripheral blood lymphocytes and serum suggested 
that POLR3A mutations triggered cellular immunity and cross-reactive humoral immune responses. 
These results offer insight into the pathogenesis of scleroderma and provide support for the idea that 
acquired immunity helps to control naturally occurring cancers. 


autoimmune rheumatic disease associated 

with widespread obliterative vasculopathy 
and tissue fibrosis (/, 2). A striking feature of this 
disease is the temporal clustering of scleroderma 
and cancer that has been observed in patients 
with autoantibodies to RNA polymerase III subunit 
(RPC1) but not in patients with autoantibodies to 
topoisomerase 1 (TOP1) or centromere protein B 
(CENPB) (3). A variety of potential mechanisms 
could explain the occurrence of cancers in sclero- 
derma patients with autoantibodies to RPC1 (4). 
For example, it is possible that a defective im- 
mune system responsible for the autoimmune dis- 
ease predisposes to neoplasia, and that this effect is 
more prominent in patients with antibodies to RPC1 
than in the other subgroups. Alternatively, it is pos- 
sible that the cytotoxic, mutagenic therapies used to 
treat scleroderma patients with more fulminant disease 
leads to cancer in these individuals; patients with 
antibodies to RPC1 tend to have more severe 
disease than those with other antibodies. Finally, 
the reverse scenario is possible: Cancer might 
trigger scleroderma in patients with antibodies 
to RPC1. In particular, we considered whether 
occasional cancers might harbor missense muta- 
tions in the polymerase III polypeptide A (POLR3A) 
gene. If the altered protein encoded by the mutant 
POLR3A gene were recognized by the patient’s 
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immune system, an immune response against the 
tumor could theoretically be generated. If cross- 
reactive with the normal RPC1 protein, this immune 
response could in turn injure selected tissues, thereby 
inducing scleroderma. Experiments to test this hy- 
pothesis were performed, as described below. 


Genetic Analysis 


We began by searching for missense mutations in 
the POLR3A gene in tumors from scleroderma 
patients. We collected tumor and normal tissue 
samples from eight scleroderma patients who had 
autoantibodies to RPC1. We also evaluated eight 
scleroderma patients who had autoantibodies 
to TOP1 or to CENPB and developed cancers 
(Table 1). Five of the patients with antibodies 
to RPC1 developed cancer before scleroderma 
(median of 0.4 years before scleroderma onset), 
whereas the remaining three developed cancer 
0.3 to 2.5 years after the onset of scleroderma 
(Table 1). In contrast, patients with autoanti- 
bodies to CENPB or TOP1 who developed can- 
cers only did so a median of 14.2 years after the 
onset of their scleroderma (Table 1). The charac- 
teristics of the 16 scleroderma patients, including 
tumor type, age of diagnosis of cancer, cancer- 
scleroderma interval, and autoantibody status, 
are listed in Table 1; additional clinical informa- 
tion is provided in table S1 and (5). 
Formalin-fixed, paraffin-embedded tumors 
from each of the 16 patients were microdissected 
to enrich for neoplastic cell content, and DNA 
was purified, blunt-ended, and ligated to adapters 
suitable for library preparation (5). Libraries from 
peripheral blood cells of each patient were sim- 
ilarly prepared. After amplification of the 32 
libraries (16 tumor, 16 matched normal), the poly- 
merase chain reaction (PCR) products were 
captured by using PCR-generated fragments con- 


taining all coding sequences of the POLR3A, 
TOP1, and CENPB genes (5). The captured frag- 
ments were evaluated by sequencing on an Illumina 
instrument, achieving an average coverage of 
516 reads per base of the 53 coding exons of the 
three genes (range: 95- to 2011-fold). 

This sequence revealed three somatic, mis- 
sense variants in POLR3A and none in TOP/ or 
CENPB (Table 1). All three variants were in the 
patients with autoantibodies to RPC1. The three 
somatic mutations were each validated by mas- 
sively parallel sequencing of PCR products gen- 
erated from the regions surrounding the mutations 
(5). Notably, both the capture approach and the 
direct-PCR sequencing approach showed that 
one of the three somatic mutations was decidedly 
subclonal, that is, was present in only a subset of 
the neoplastic cells: The fraction of mutant alleles 
in the lung cancer from patient SCL-2 was only 
4.3%, far less than the estimated fraction of neo- 
plastic cells in the microdissected sample used 
for DNA purification (Table 1) (5). 

Given the subclonal nature of one of these 
mutations, we considered whether cells contain- 
ing these mutations were selected against during 
tumor growth, perhaps even disappearing as a 
result of an immune response. The most frequent 
way to lose a mutant allele in human cancers is 
through a gross chromosomal event that results in 
loss of the entire gene and the surrounding chro- 
mosomal region (loss of heterozygosity, LOH) (6). 
To search for evidence of such losses, we designed 
19 primer pairs that could each amplify a small 
fragment containing at least one common single- 
nucleotide polymorphism (SNP) within or sur- 
rounding the POLR3A gene (table S2). These 
primer pairs were used in a multiplexed protocol 
to evaluate all 16 tumors (5). Five of the eight 
tumors from scleroderma patients with autoanti- 
bodies to RPC1 exhibited LOH (Table 2). These 
five tumors included three that did not contain 
a detectable somatic mutation of POLR3A (Table 
1). The fraction of neoplastic cells that had under- 
gone LOH could be estimated from the allelic 
ratios of the SNP data, and in four of the five 
cases, was subclonal (Table 2). Notably, none of 
the tumors from patients with antibodies to TOP1 
or CENPB exhibited LOH of the region con- 
taining POLR3A (Table 2). As an additional con- 
trol, we evaluated 21 SNPs within or surrounding 
the TOP/ locus on chromosome 20 (table S2) 
and found that none of the 16 tumors from scle- 
roderma patients, regardless of autoantibody status, 
had undergone LOH of this region (table S3). 

In summary, six of eight tumors from sclero- 
derma patients with autoantibodies to RPC1 harbored 
genetic alterations affecting the POLR3A locus com- 
pared to zero of eight tumors from scleroderma 
patients without anti-RPC1 antibodies (P < 0.01, 
Fisher exact probability test, two-tailed). 


Immunological Analysis 


We began the immunological analysis of these 
patients by addressing whether RPC1 autoanti- 
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bodies recognized the mutated protein differently 
from the wild type (WT) form of the protein. 
Each of the three abnormal forms of the protein 
found in scleroderma patients was synthesized 
by in vitro transcription-translation (IVTT) (5). 
Wild-type and patient-matched mutant RPC1 
were then subjected to immunoprecipitation anal- 
ysis with sera from patients or from normal in- 
dividuals (control sera). In each case, mutant and 
WT proteins were precipitated similarly by pa- 
tient serum, but not precipitated by control sera 
(fig. S1), demonstrating that the autoantibodies 
do not discriminate between WT and mutant 
versions of the antigen. 

We next constructed a custom peptide micro- 
array to comprehensively identify linear antigen- 
ic regions of the RPC1 protein. We synthesized 
276 overlapping peptides of 15 amino acids in 
length, each offset by five amino acids from the 
previous peptide and covering the entire length 
of RPC1 (table S4). Peptides that contained each 
of the three somatic mutations described above 
were also synthesized (three peptides for each 
mutant; table S4). These peptides were printed 
on microarrays and used to assess serum from the 
three patients with antibodies to RPC1 (SCL-02, 
SCL-04, and SCL-42) whose cancers harbored 


POLR3A mutations, and four control patients 
(SCL-200, SCL-201, SCL-202, SCL-203) who 
had scleroderma and antibodies to RPC1 but who 
did not have cancers. Each of the seven serum 
samples displayed reactivity with at least two of 
the peptides on the array (fig. S2). Notably, there 
was no reactivity to the mutant peptides or their 
wild type counterparts (i.e, WT amino acids in 
place of mutant amino acids) in sera from the 
patients whose cancers harbored these muta- 
tions (or in the other patients). 

Having shown that there was no demonstrable 
humoral immune response specific to the mutant 
RPC1 proteins, we sought to determine whether 
there was a cellular immune response directed 
against the mutants. We first performed high- 
resolution class I and II human leukocyte antigen 
(HLA) typing on the three scleroderma patients 
in whom somatically mutated POLR3A genes 
were identified (table S5). IEDB analysis resource 
Consensus tools (7-9) were then used to deter- 
mine whether peptides containing the specific 
mutations in individual patients were likely to 
bind with high affinity to that patient’s HLA 
alleles. In patient SCL-42, both WT and mutant 
epitopes were predicted to bind with high affin- 
ity to both alleles of the patient’s class IT DR HLA 
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(table S6). This was particularly pronounced for 
HLA-DR*0701, where the predicted median in- 
hibitory concentration (ICso) was <1 nM for both 
the mutant (FHVGYFRAVIGTLQMD and WT 
peptides (FHVGYFRAVIGILQMI; table S6). 
High-affinity binding of the WT and mutant 
peptides to this patient’s other DR allele (HLA- 
DR*1001) was also predicted (table S6). In pa- 
tient SCL-4, the mutant peptide was predicted to 
bind to this patient’s HLA-DR*0101 allele with 
an affinity of 4 nM, 18-fold higher than the af- 
finity of the WT peptide (table S6). The WT pep- 
tide in this region was also predicted to bind, albeit 
less strongly, to this patient’s second allele (26 nM 
to HLA-DR*1101). Neither WT nor mutant pep- 
tides were predicted to bind with high affinity to 
the class II molecules of patient SCL-2 (table S6). 
The algorithms also predicted binding of patient- 
matched WT and mutant peptides to a single 
HLA class I allele in each patient, though the 
binding affinities were only moderate (27 to 
78 nM, table S6). 

CD4 cells are known to recognize peptides 
presented by HLA class II alleles and play 
central roles in both tumor immunity and auto- 
immunity (/0, //). Given this knowledge and 
our finding that the predicted affinities for class IT 


Table 1. Selected clinical and genetic characteristics of the scleroderma patients evaluated in this study. NA, not applicable. 


yee Potr3a = POLR3A po pz POLR3A 
: duration at Auto- Age at : mutation ‘ 
Patient |. : Cae 2 A Cancer mutation A mutation loss of 
diagnosis of antibodies diagnosis Cancer type Cancer subtype (genomic ; . . 
stage (% mutant wc (amino acid heterozygosity 
cancer to: of cancer siileles) position on uhantel (LOH) 
(years) chr. 10) 9 
SCL-1 —0.2 RPC1 51 Breast cancer Invasive ductal IA Nbt NA NA LOH 
SCL-2 —0.1 RPC1 42.3. Lung cancer Small cell carcinoma | or II* 26% 79414962C>G_—p.E1072Q LOH 
SCL-4 -0.4 RPC1 44 Ovarian cancer Adenocarcinoma IIIc 4.3% 79407320C>G_p.K1365N No LOH 
SCL-13 0.3 RPC1 51.1 Breast cancer Invasive ductal IIB = No mutation NA NA LOH 
detected 
SCL-35 —2 RPC1 50.9 Breast cancer Ductal carcinoma in situ 0 ~=No mutation NA NA No LOH 
detected 
SCL-42 1.5 RPC1 47.5 Breast cancer Invasive ductal IIA 31% 79455393A>G p.l104T LOH 
SCL-81 —4.2 RPC1 54.6 Colorectal Adenocarcinoma lll No mutation NA NA LOH 
cancer detected 
SCL-82 2:5 RPC1 51.1 Breast cancer Ductal carcinoma in situ 0 ~—No mutation NA NA No LOH 
detected 
SCL-5 9.2 TOP1 74.6 Lung cancer Adenocarcinoma IB No mutation NA NA No LOH 
detected 
SCL-8 0.4 TOP1 65.1 Breast cancer _Infiltrating lobular IIIA No mutation NA NA No LOH 
detected 
SCL-11 13.4 TOP1 55.7 Breast cancer _Infiltrating lobular IIIC = No mutation NA NA No LOH 
detected 
SCL-12 34 CENPB 68.6 — Anal cancer Squamous cell carcinoma I No mutation NA NA Uninformativet 
detected 
SCL-19 34 TOP1 74.1 Breast cancer Ductal carcinoma in situ 0 ~—_No mutation NA NA No LOH 
detected 
SCL-24 36.9 CENPB 64.2 B cell Extranodal, mantle cell IV No mutation NA NA No LOH 
lymphoma detected 
SCL-32 —2.5 CENPB 43.1 Breast cancer Invasive ductal I No mutation NA NA Uninformativet 
detected 
SCL-85 15 TOP1 52.1 Breast cancer Invasive ductal [A No mutation NA NA No LOH 
detected 


*Patient records indicate only that the disease was localized. +"Uninformative” indicates that none of the evaluated SNPs were heterozygous in the normal 


cells of the patient. 


tNo mutation detected. 


www.sciencemag.org SCIENCE VOL 343 10 JANUARY 2014 153 


RESEARCH ARTICLE 


154 


peptides were much higher than for class I pep- 
tides, we searched for CD4 T cells recognizing 
the predicted peptides in peripheral blood mono- 
nuclear cells (PBMCs) from patients whose tu- 
mors contained POLR3A mutations. CD154 
expression at 18 hours after peptide stimulation 
was used to identify peptide-activated CD4* T 
cells (12, 73). In patient SCL-4, CD4 T cell ac- 
tivation was observed in response to the patient- 
matched mutant peptide but not to the WT peptide 
(Fig. 1, A and C). Moreover, no CD4 T cell 
responses to these peptides were observed in T 
cells from a healthy control matched with SCL-4 
at HLA-DR*1101 (Fig. 1A). Thus, the experi- 
mental data confirmed the in silico predictions. 
The experimental data also confirmed the pre- 
dicted reactivity of T cells from patient SCL-42, 
with a twofold increase in the number of CD4* 
CD154* T cells in response to both the WT and 
mutant SCL-42 peptides over control conditions. 
The frequency of responding cells was about a 
log lower in SCL-42 compared to SCL-4, with 
~1:5000 CD4 T cells responding (Fig. 1, B and C). 
The CD4 T cell responses to WT and mutant 
SCL-42 peptides were abolished by treatment 
with anti-HLA-DR antibodies but not by an iso- 
type control (fig. S3). As in patient SCL-4, no re- 
sponse to RPC1 peptides was observed in T cells 


from a healthy control matched with SCL-42 at 
HLA-DR*0701 (Fig. 1B). As predicted by the 
in silico binding algorithms (table S6), patient 
SCL-2 did not respond to either WT or mutant 
peptides, but did express CD154 in response to 
the positive control stimulus, demonstrating that 
her cells were immune competent (fig. S5). 
These data document the existence of CD4 
T cells reactive with peptides containing the RPC1 
mutations in two of the three patients studied. The 
reactivity was patient, peptide, and HLA-type spe- 
cific. The frequencies of mutant peptide—reactive 
CD4 T cells observed in these scleroderma pa- 
tients (~1:600 to ~1:5000, Fig. 1) were in the 
range observed for antigen-specific CD4" T cells 
observed in other autoimmune processes (/4). 
SCL-4 responded only to the mutant peptide, 
whereas patient SCL-42 responded to the mutant 
as well as to the WT peptides (Fig. 1C). It was 
possible that the CD4 T cells that were activated 
in response to the mutant peptide in SCL-42 
were the same as those responding to the WT 
peptide. To evaluate this issue, we performed T 
cell receptor (TCR) spectratyping of T cells 
stimulated by either WT or mutant peptides. Out 
of the 22 VB families analyzed, 12 displayed a 
similar distribution of their CDR3 lengths in re- 
sponse to WT and mutant peptides, including 


VB8, VB17, and VB20 (Fig. 2, A to C). In con- 
trast, significant differences in the distribution of 
CDR3 lengths were observed for several other 
VBs (VB3, VB5, VB7, VB12, VB16, and VB24) 
(Fig. 2, D to F). For some Vs, marked skew- 
ing in CDR3 lengths was observed, with >25% 
of TCRs from cells treated with either the mu- 
tant or the WT form of the peptide represented by 
a single CDR3 length. These data suggested that 
the T cells responding to the mutant peptides 
were not, in general, those responding to the WT 
peptides. 

To characterize the TCRs in more detail, we 
determined the sequence of the CDR3 regions in 
the VB7, VB12, and VB24 PCR products (5). Two 
notable findings were revealed by massively par- 
allel sequencing of these regions. First, the se- 
quences of the dominant TCRs generated from T 
cells stimulated with the WT peptide were com- 
pletely distinct from those stimulated by the mu- 
tant peptide (Table 3). In five of six dominant 
TCRs identified by sequencing, the WT- and 
mutant-specific CDR3 sequences were precise- 
ly the lengths predicted by the spectratype anal- 
ysis (Table 3). The sequencing results therefore 
strongly supported the conclusion from spectra- 
typing that the mutant and WT peptides had 
stimulated many distinct T cell clones. Second, 


Table 2. Allelic ratios of SNP loci within and closely surrounding the POLR3A gene. NI: Noninformative; i.e., the SNP was not heterozygous in the 
normal cells of the patient (see supplementary materials and methods). 


Patients with RPC-1 antibodies 


Patients without RPC-1 antibodies 


Chr. 10 


position SNP ID SCL-1 SCL-2 SCL-4 SCL-13 SCL-35 SCL-42 SCL-81 SCL-82 SCL-5 SCL-8 SCL-11 SCL-12 SCL-19 SCL-24 SCL-32 SCL-85 
79,213,314 151054608 55% 88% 102% Ni NI 68% 83% NI NI NI 99% NI 99% 103% Ni NI 
79,222,098 182165046 52% 88% 99% Ni NI 69% 76% NI NI NI 99% NI 94% 102% NI NI 
79,222,113 1s1058203 NI NI NI NI 100% WNI 78% NI NI 102% NI NI NI 99% NI 99% 
79,222,157 rs1058202 50% NI 102% Ni NI NI NI NI NI 102% NI NI NI NI NI 97% 
79,230,809 1510762763 53% 86% 103% Ni NI 69% 85% NI NI NI 102% NI 102% 104% WNIi NI 
79,235,661 152289311 55% 91% 103% Ni NI 66% 88% NI 97% NI 104% NI 100% 103% #£=WNi NI 
79,260,691 rs10824579 NI 93% 97% Ni NI 70% 73% NI NI NI 96% NI 97% 103% Ni NI 
79,323,400 151248888 80% NI NI NI 102% NI 87% NI 101% 102% NI NI NI 101% #£=WNI 96% 
79,406,970 182241547 78% NI NI NI 104% NI NI NI NI NI NI NI NI NI NI 102% 
79,415,741 rs12241228 NI NI NI NI NI NI NI NI 100% NI NI NI NI NI NI NI 
79,415,795 rs3815891 70% NI NI NI NI NI NI NI 103% NI NI NI NI NI NI 102% 
79,419,810 1s7094028 79% Ni NI NI NI NI NI NI 98% NI NI NI NI NI NI 104% 
79,424,105 1s2818827 75% NI 104% NI 100% #4«Ni NI NI NI 102% NI NI NI NI NI 102% 
79,424,140 1s12267816 NI NI NI NI NI NI NI NI 104% NI NI NI NI NI NI NI 
79,442,860 152493568 76% NI 96% 44% 101% #£«2Ni 91% NI NI 103% NI NI NI NI NI 101% 
79,514,037 1s67287610 NI NI NI 45% 100% #«£NiI 95% NI 99% NI NI NI NI NI NI NI 
79,514,072 1s4979801 85% NI NI 46% 101% #£NiI 95% NI NI 96% NI NI NI NI NI 104% 
79,546,360 rs2253909 ~—s NI NI 94% 40% 102% #£«x4Ndt 76% NI 102% 99% NI NI NI NI NI NI 
79,549,686 152253513 78% NI 102% 41% 102% #«4NiI 88% NI NI 100% NI NI NI NI NI 90% 
79,573,735 1s2114907 82% NI 103% 43% 104% #«=\Ni 78% 96% NI 104% 100% NI NI NI NI NI 
79,615,946 151249134 86% 90% 98% 44% 102% #£xJNi 85% NI NI NI 99% NI 104% 4Ni NI NI 
79,618,728 151249126 75% 91% 103% 46% 101% #£=\Ni 74% NI NI NI NI NI 98% NI NI NI 
79,654,802 152434123 NI NI NI 46% NI 67% NI 102% NI 104% NI NI NI NI NI NI 
Allelic ratio 71% 88% 99% 44% 101% 69% 83% 99% 99% 101% 100% NI 99% 102% NI 100% 
average* (%) 
Allelic ratio 13% 4% 6% 2% 4% 3% 7% 4% 5% 3% 2% NI 3% 2% NI 4% 


SD (%) 


*Entries represent the allelic ratios of the indicated SNPs. The values in normal individuals were 100% + 3.10%. Allelic ratios less than 2 SDs from the mean (i.e., <94%) are highlighted in 
bold. A tumor was considered to exhibit LOH if more than 3/4 of the informative SNPs exhibited alleic ratios <94%. 
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there was a high degree of redundancy among 
the amino acid sequences—but not the nucleotide 
sequences—of the TCRs identified in this ex- 
periment. For example, we identified 17 different 
nucleotide sequences (represented by 2066 clus- 
ters on the sequencing instrument) that encoded 
the identical CDR3 amino acid sequence in T cells 
stimulated by the mutant peptide (Table 3). As 
T cells, unlike B cells, do not undergo continued 
evolution once a successful V(D)J rearrangement 
has occurred (/5, 16), these data document the 
existence of multiple, independent T cell clones 
responding, and presumably binding, to the same 
mutant peptide-HLA complex. 

Finally, we developed CDR3-specific Taqman 
assays to verify that distinct populations of WT 
and mutant-specific T cells were present in the 
peripheral blood of SCL-42 before the short-term 
cultures used in the experiments described above. 
The VB24 TCRs were chosen for this experi- 
ment because their CDR3 sequences were the 
most abundant in the sequencing analysis and 
were each encoded by multiple distinct nucle- 
otide sequences (Table 3). The TCRs expected to 
bind the mutant and WT peptides were detected 
in uncultured SCL-42 PBMCs (fig. S4). Neither 
TCR was detectable in the PMBCs of patient 
SCL-4, used as a control. 


Discussion 


A subset of patients with scleroderma and other 
autoimmune rheumatic diseases manifest cancer 


around the time of autoimmune disease diagno- 
sis, suggesting that the two processes might be 
linked mechanistically (3, 4, 17). In scleroderma, 
this temporal clustering of scleroderma and can- 
cer appears limited to the subgroup of patients 
with antibodies to RPC1 (3). In the current work, 
we demonstrated that the POLR3A locus is ge- 
netically altered (by somatic mutation or LOH) in 
six of eight cancers of patients with antibodies to 
RPC1, but not in cancers from scleroderma pa- 
tients with other autoantibody specificities. More- 
over, T cells reactive with the mutant forms of 
RPC1 could be identified in the peripheral blood 
of two of the three patients tested. These T cells 
did not simply cross-react with the WT form of 
the peptides, because T cells from patient SCL-4 
were not stimulated by the WT form, and the se- 
quences of the TCRs conferring responsiveness 
to the WT and mutant peptides in SCL-42 were 
largely unrelated. 

These genetic and immunologic findings sug- 
gest mutation in POLR3A as the initiator of the 
immune response to RPC1 in an important subset 
of scleroderma patients. The alternative to this 
conclusion—that the onset of scleroderma and 
the cancer genomes of these patients were un- 
related and that the missense mutations and T cell 
responses directed against the same mutations 
were coincidental—is unlikely given the rarity 
of POLR3A mutations in cancer in general (0.7%, 
P< 10 °°) (18) and the absence of alterations at 
this locus in scleroderma patients without anti- 
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bodies to RPC (P< 0.01). Additionally, in patient 
SCL-42, there were multiple different nucleotide 
sequences encoding TCRs with the identical ami- 
no acid sequence in T cells stimulated by the 
mutant peptide (Table 3). This provides strong sup- 
port for the conclusion that the mutant POLR3A 
gene product acted as an immunogen initiating 
the anti-RPC1 immune response in vivo. 

Antibodies from all patients with POLR3A 
mutations recognized WT and mutant versions 
of RPC] to a similar extent, and no antibodies 
directed specifically against the WT versus mu- 
tant peptides could be demonstrated. This sug- 
gests that the humoral response does not directly 
target the area of the mutation or discriminate 
between mutant and WT versions of RPC1. The 
inability of autoantibodies to discriminate between 
the mutant and WT forms of the antigen is con- 
sistent with previous studies showing that a cross- 
reactive humoral response is typical when a 
novel form of an antigen initially stimulates T cells 
that specifically recognize the modified antigen 
(19, 20). The antibody cross-reactivity might con- 
tribute to B cell-mediated diversification of au- 
toimmunity, spreading T cell responses to the WT 
autoantigen (2/, 22). 

Our data therefore suggest that the “foreign” 
antigen triggering the autoimmune response in 
scleroderma patients is actually a tumor antigen. 
This complements previous observations indi- 
cating that cancers can elicit immune responses. 
Some cases of paraneoplastic syndrome are 
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Fig. 1. Mutant and WT peptide-specific CD4* T cells in patients SCL-4 
and SCL-42. CD154 expression on CD4* T cells was assayed after stimulation 
(18 hours) with patient-specific WT or mutant RPC1 peptides, PAD4 peptide 
(negative control), or a pool of peptides from infectious agent antigens (CEFT, 
positive control). Healthy donors matched for one HLA-DR allele were used as 


www.sciencemag.org SCIENCE VOL 343 


controls. Experiments on SCL-4 (A) and SCL-42 (B) were repeated on separate 
blood draws, three and two times, respectively, with similar results. Gate fre- 
quencies are expressed as percentage of CD4* T cells. (C) Frequency of peptide- 
reactive CD4 T cells expressed as fold change over CD154* CD4 T cells in the 
unstimulated negative control. 
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caused by autoimmunity to proteins expressed in 
tumors (23); these responses are directed exclu- 
sively to the normal protein, and there is no evi- 
dence that the gene(s) are mutated in the tumors. 
Conversely, mutant genes in human tumors can 
elicit an immune response against the mutant 
gene product (24—26); these immune responses 
have not been shown to elicit a cross-reactive 
response to the normal gene product that could 
result in autoimmunity. Finally, an in vitro— 
generated protein containing multiple (but not 
single) mutations, when injected into mice, can 
elicit a broad, cross-reactive immune response 
against the normal protein that results in auto- 
immunity (27). In these mice, tumor cells ex- 
pressing only the WT protein can also be targeted 
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Fig. 2. VB-family usage and CDR3 length in patient SCL-42 PBMCs 
stimulated with WT or mutant peptides. SCL-42 PBMCs were stimulated 
for 6 days with patient-specific mutant (gray bars) and corresponding WT (black 
bars) RPC1 peptides. No appreciable differences in TCR diversity were observed 


by the subsequent immune response. Our results 
show that an analogous situation appears to occur 
in humans when a single, strongly immunogenic 
epitope is created by somatic mutation in a pa- 
tient with an appropriate MHC type. However, 
the generation of an autoreactive immune re- 
sponse alone may not be sufficient to generate the 
self-sustaining tissue injury seen in scleroderma, 
and additional factors (genetic, environmental, or 
target tissue-specific) may be required (28). 

Our cohort included cancer patients without 
anti-RPC1 antibodies (Table 1). Although the in- 
terval between scleroderma and cancer onset in 
these patients was long (median of 14.2 years), 
two patients (SCL-8 and SCL-32) had relatively 
short intervals. We did not identify genetic alter- 
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ations of TOPO] or CENPB in these two pa- 
tients. Whether their cancers were adventitious, 
related to therapy, or due to mutations in genes 
encoding homologs of TOPOI or CENPB or 
proteins that interact with them is unknown but 
are intriguing hypotheses for future study. Similar 
factors could also explain the absence of genetic 
alterations of POLR3A in two of the eight pa- 
tients with antibodies to RPC1. 

The relatively low fraction of neoplastic cells 
with genetic alterations in the cancers from some 
of these patients (Tables 1 and 2) suggests that 
immunoediting of the cancer had occurred, with 
cells containing these mutations selected against 
during tumor growth (29). The emergence of 
cancer in RPC1-positive scleroderma patients 
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in VB8 (A), VB17 (B), and VB20 (C) TCR families. Skewing of the CDR3 length 
distribution in VB7 (D), VB12 (E), and VB24 (F) TCR families was observed, and 
CDR3 lengths that differed by >15% between WT and mutant stimulated PBMCs 
are indicated (*). CDR3 length is expressed in amino acids (a.a). 


Table 3. Dominant TCR sequences identified by massively parallel sequencing after stimulation with WT or mutant peptides. Abbreviations 
for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, 


Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


VB CDR3 Ip CDR3 length Total no. of No. of unique 
(amino acids) sequences sequences 
SCL-42 WT-stimulated TCRs 
VB7 LCASS PNELGQGSAF FGQGT JB1.1 10* 160 1 
Vp12 FCASS DEVNTEAF FGQGT Jp1.1 8* 18 1 
VB24 LCATS TGTVMNTEAF FGQGT Jp1.1 10 1332 6 
SCL-42 mutant-stimulated TCRs 
VB7 LCASS ESWTDYGYT FGSGT Jp1.2 9* 97 1 
Vp12 FCASS DGGTRHEQF FGPGT JB2.1 oF 160 2 
VB24 LCATS RDTVNQPQH FGDGT Jp1.5 oF 2066 17 


*Corresponds to the expected length based on TCR spectratyping. 
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in much smaller volumes and, in some cases, 
over subwavelength thicknesses, ensuring con- 
trolled manipulation and processing of the in- 
coming signal. 

We introduce two approaches to computation- 
al metamaterials: (i) a metasurface (MS) approach, 
in which thin planar metamaterial blocks perform 
mathematical operations in the spatial Fourier do- 
main and (ii) a Green’s function (GF) approach, in 
which multilayered metamaterial slabs realize a 
desired GF (i.e., spatial impulse response) at the 
output, allowing the synthesis of mathematical 


metamaterials that realize linear, shift-invariant 
operations on transverse spatial variables, as- 
suming exp(—iwf) monochromatic signals. With- 
out loss of generality, we assume two-dimensional 
scenarios in which wave signals and the meta- 
material parameters depend only on the longitu- 
dinal direction of propagation x and one transverse 
coordinate y. 

We base our first (MS) approach on the fact 
that the linear convolution g(y) =! f(u)G(y—u)du 
between an arbitrary field distribution f(y) and the 
GF G()y) associated with the operator of choice 


REPORTS [ 


&(ky) = G(k,)f(k,), where the tilde indicates 
Fourier transform. In this approach, our metama- 
terial system consists of three cascaded subblocks: 
(i) a Fourier transform subblock, (ti) a suitably 
tailored MS spatial filter that applies the G(k,) 
operation in the Fourier domain, and (iti) an in- 
verse Fourier transform subblock (Fig. 2A). For 
the first subblock, we consider a two-dimensional 
graded-index (GRIN) dielectric slab with perme- 
ability |. = Uo and a parabolic variation of permittivity 


operations of interest. For simplicity, we focus on 


Fig. 1. Wave-based metama- 
terial computing. A conceptual 
sketch of a suitably designed 
metamaterial block that may per- 
form a desired mathematical op- 
eration on arbitrary wave signals 
as they propagate through it. 


may be expressed in the spatial Fourier space as 


(1) 


e(y) = &e 


Ci 

re 
where €, is the permittivity at the central plane of 
the GRIN and Lg is the characteristic length (24). 
In Fig. 2A, GRIN(+) indicates a conventional 
GRIN, with (+) referring to permittivity and per- 
meability being positive. In the paraxial approx- 
imation, the GRIN(+) slab operates as a Fourier 
transformer at the “focal” length L, along the di- 
rection of propagation (24). For the inverse Fourier 
transform [subblock GRIN(—)], we use an ideal 
GRIN structure with negative parameters: per- 
meability  =—LUo and permittivity e =—e(y). Fol- 
lowing the concept of complementary materials 
(25), the GRIN(—) has the inverse functionality of 
the GRIN(+); that is, it acts as an inverse Fourier 
transformer. 

The metastructure screen is designed using 
two different approaches (insets in Fig. 2A): (i) 
a “conceptual” thin MS with volumetric pa- 
rameters Ems(V)/Eo = Ums(V)/Ho (left inset) and 
(ii) a realistic three-layered thin metamaterial 
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Fig. 2. Metamaterial computing using metasurfaces. (A) A thin, properly 
designed metastructure screen with thickness A = Ao/3 and width W = 10Aq, 
sandwiched between two GRIN structures with positive and negative parameters, 
can perform mathematical operations in the Fourier domain. The GRIN(+) and 
GRIN@, each with length Ly ~ 12A 9, act as Fourier and inverse Fourier trans- 
formers. Two designs are proposed for the middle metastructure: a thin MS formed 
by a single layer with prescribed permittivity and permeability [left inset, with real 
(red) and imaginary (blue) parts of material parameters] and a realistic meta- 
transmit-array (MTA) formed by three sublayers made of two alternating materials 
(here, Si and AZO) with properly prescribed inhomogeneous distribution of their 
volume filling fractions, and with required loss to impart the desired attenuation 
(right inset) (28). This system forms a computational metamaterial unit that can 
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perform mathematical operations of choice on the input function as the wave 
propagates through it. (B) Perspective view of the input function is shown at left, 
along with a snapshot of our simulation results for the z-component of the electric 
field throughout the metamaterial system functioning as first differentiator using 
MS. The output profile is shown at right. (C to G) Simulation results [real (red) and 
imaginary (blue) parts] at the output of our computational metastructures for (C) 
first differentiation, (E) second differentiation, (F) integration, and (G) convolution 
operators, all using MS; and (D) first differentiation using MTA [with both GRIN 
sections being GRIN(+)]. All simulated outputs are compared with the expected 
analytical results (green). For easy comparison, output results in each panel are 
multiplied by a constant factor (shown in each plot) and proper phase adjustments 
(28) are applied: (C) 8°, (D) —15°, (E) 0°, (F) 8°, (G) 18°. 
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based on an appropriate alternation of two 
materials—in this case, aluminum-doped zinc 
oxide (AZO) (26) and silicon (Si)—with different 
levels of loss (right inset). Our “meta-transmit- 
array” (MTA) design is inspired by (27) and is 
extended to the present case (28) so as to control 
both phase and magnitude of the transmitted 
wave according to the desired local transfer func- 
tion G(k,) while minimizing reflections. We ap- 
ply these concepts to realize some fundamental 
mathematical operators. 

First-order derivative: g(y) % df(y)/dy. In 
this case, G(k,)°<(ik,) and we first consider a 
transversely inhomogeneous MS with thickness 
A <y)o (where Ag is the free-space wavelength), in 
which the transverse coordinate y plays the role 
of k,. The relative permittivity and permeability 
of such a MS (laterally limited to |y| < W/2), re- 
quired to achieve the normalized transfer func- 
tion proportional to iy(W/2), are (28) 


[ Xo —iW 

(aa)*(G) © 
Once this subblock is sandwiched between a 
GRIN(+) and a GRIN(-), each one with length 
L., we obtain a first-differentiator metamaterial 
system. Figure 2B shows our numerical simu- 
lation for the input function f(y) = ay exp(37/b) 
with a = 0.7 um! = 2.149! and 6 = 10 pm? = 
nw /0.9, used to test all the operators in Fig. 2. In 
this set of simulations, we assume Ag =3 um, W= 
29.75 um = 10A9, Lg = 35 um = 12Ao, && = 
2.0leo, and A = 1 um = Ao/3. Although this 
design principle can be applied to any wave- 
length, here we have chosen to operate at infrared 
frequencies, which are of interest for various 
applications; this allows us to use realistic CMOS 
(complementary metal-oxide semiconductor) 
compatible materials. The input function, depicted 
in perspective at the left of Fig. 2B, is the z- 
component of the electric field distribution at the 
entrance of this metamaterial system. We also 
show the distribution (snapshot in time) of this 
field component as the wave propagates through 
the entire system. At the output plane (2, + A), 
we obtain the electric field distribution g(v) shown 
also in Fig. 2C, which is indeed closely propor- 
tional to the first spatial derivative of the input 
function (green line). 

To get closer to a practical realization, we also 
consider the more realistic MTA design and re- 
place the ideal GRIN(-) subblock with a GRIN(+), 
exploiting the relation F{F [g(y)]} & g(—y), with 
F(-) denoting Fourier transform, thereby expect- 
ing the output function to be proportional to a 
“mirror image” of the desired result. Simulation 
results for this scenario (Fig. 2D) are clearly 
proportional to the analytical result. 

Second-order derivative: g(y) °¢ d?f(yVdy. 
A metamaterial that performs second spatial 
differentiation could be designed as a cascade of 
two first-differentiator blocks. However, to dem- 
onstrate the generality of our concept, we design a 
MS that directly performs the second differen- 
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tiation. Thanks to our “modular” scheme, we 
simply replace the MS subblock by another one 
with the desired transfer function liv(W/2)/’, 
which requires volumetric permittivity and per- 


meability functions 
= p12 lig 2") aj 
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for |y| < W/2. Figure 2E presents our numerical 
simulation for this case, confirming excellent 
functionality. 

Integration: g(y) & | f(y)dy. For this oper- 
ation, the MS subblock needs to implement the 
transfer function (iy/d y', where d= 1 yum is an 
arbitrary normalizing length. To avoid gain re- 
quirements for transmission coefficients with mag- 
nitude larger than unity for || <d, we truncate the 
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required transfer function at |y| = d and assume its 
magnitude to be unity within this range. Therefore, 
the MS has volumetric constitutive parameters 
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for |y| > d, and 
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(Z) ar (1) (5) 
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for |y| < d. Figure 2F presents the simulation 
results for the integral operation performed by 
this structure compared with the expected result, 
again demonstrating good functionality. 
Convolution: g(y) =! Aw)G(y— u)du. We also 
design a MS that performs convolution with a 
rectangular kernel of width W, = 16 um = 5.33A . 
As before, our MS realizes a transfer function 
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Fig. 3. Metamaterial computing using Green's function slabs. (A) A multilayered slab is designed 
to exhibit the desired GF kernel associated with a mathematical operation of choice. (B and C) Ten-layered 
nonmagnetic GF slab designed to perform second spatial differentiation (28). Simulated wave prop- 
agation (z-component of the magnetic field) throughout the slab for two different input functions: (B) a 
set of quadratic polynomial functions, and (C) Austin city skyline. The right panel in (B) shows the 
comparison between simulated output (red, real part; blue, imaginary part) and the analytical (green) 
results, whereas in (C) the real part of the simulated output (red) is directly compared to the input function 
(blue) to highlight the correspondence between the input edges and the sharp peaks at the output. In each 
panel, the simulation result is multiplied by a constant factor (noted in parentheses) for easy comparison. 
(D) Five-layered GF slab (28) designed to perform the convolution with a rectangular kernel of width Ao, 
shown in blue in the left panel, for a rectangular input function of width 429 (red line). In (B) to (D), the 
snapshots of field distributions are shown in a limited lateral region for clarity, indicated by the dashed 
lines. [Austin city skyline photo courtesy of Tod Grubbs of Bee Creek Photography, reproduced with 


permission] 
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may thereby represent escape of the tumor from 
immune pressure. We speculate that cancers har- 
boring POLR3A mutations had stimulated sclero- 
derma in most patients with the RPC1 form of 
the disease. However, in the majority of these 
patients, the immune response had eradicated 
the cancer by the time scleroderma developed. 
Patients with a short cancer—autoimmune dis- 
ease interval have also been described for other 
autoimmune rheumatic disease phenotypes (e.g., 
myositis, vasculitis, systemic lupus erythemato- 
sus), and similar mechanisms may be operative 
in these diseases (17, 30, 31). Given the ubiqui- 
tous presence of somatic mutations in solid tu- 
mors (32), these new data add credence to the 
idea that immunoediting could play a major role 
in limiting the incidence of human cancer—an 
old hypothesis (33, 34) that has recently garnered 
more attention (35-37). The data also suggest that 
this family of autoantigens might be used to gen- 
erate biologically effective antitumor immunity. 
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Giant Spin Oscillations in an 
Ultracold Fermi Sea 


J. S. Krauser,’* U. Ebling,?* N. Flaschner,” J. Heinze,’ K. Sengstock,””*+ M. Lewenstein,”’* 


A. Eckardt,® C. Becker?’ 


Collective behavior in many-body systems is the origin of many fascinating phenomena in nature, ranging 
from the formation of clouds to magnetic properties of solids. We report on the observation of 
collective spin dynamics in an ultracold Fermi sea with large spin. As a key result, we observed long-lived 
and large-amplitude coherent spin oscillations driven by local spin interactions. At ultralow temperatures, 
Pauli blocking stabilizes the collective behavior, and the Fermi sea behaves as a single entity in spin space. 
With increasing temperature, we observed a stronger damping associated with particle-hole excitations. 
Unexpectedly, we found a high-density regime where excited spin configurations are collisionally 
stabilized. Our results reveal the intriguing interplay between microscopic processes either stimulating 
or suppressing collective effects in a fermionic many-body system. 


fundamental question in many-body phys- 

ics is how the collective behavior of many 

microscopically interacting particles gives 
rise to macroscopic properties such as supercon- 
ductivity, giant magnetoresistance, or superfluidity. 
Ultracold quantum gases are ideal candidates to 
address these questions because they offer a high 
control over crucial experimental parameters, such 
as the interaction strength and the dimensionality 
of the system. Collective behavior of ultracold 
fermions is of particularly high interest because 
of its analogy to other systems in nature, like elec- 
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trons in solids, neutron stars, or baryonic matter. 
Recent experiments on the crossover between a 
Bose-Einstein condensate and a Bardeen-Cooper- 
Schrieffer superfluid (7, 2), Mott physics (3, 4), 
thermodynamic and transport properties (5—7), 
collective excitations (8—/0), and magnetic or- 
dering (//, /2) used spin 2 fermions. However, 
fermionic high-spin systems with more than two 
spin components constitute a completely new class 
of many-body systems, yielding collective effects 
involving the spin degree of freedom (/3—20). For 
bosonic atoms with a total spin of f = 1, 2, 3, 


spin-dependent phenomena have been inten- 
sively studied [(2/, 22) and references therein]. 
In these experiments, the macroscopic occupa- 
tion of a common single-particle wave function, 
which is inherent to Bose-Einstein condensation, 
strongly favors collective behavior. For fermions, 
in contrast, every single-particle state can be oc- 
cupied with no more than one particle, and hence 
many of these states are occupied in a macro- 
scopic system forming a Fermi sea. This natural- 
ly raises the following questions: Can the whole 
Fermi sea exhibit collective and coherent dynam- 
ics of its internal spin degree of freedom (Fig. 1A)? 
Do these dynamics preserve the spatial structure, 
or do emerging spin components populate new 
spatial modes? Recent experiments with high- 
spin fermions allowed the study of ground-state 
and dynamical properties in the regime of deep 
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optical lattices (23, 24), few-body physics (25), 
and also the emergence of spatial spin waves 
(26), but left the questions raised above largely 
unanswered. Here, we report on the observation 
of coherent spin dynamics in an ultracold Fermi 
sea. Our detailed studies reveal three fundamental 
findings: (i) giant collective spin oscillations last- 
ing for seconds at ultralow temperatures, (ii) a 
continuous suppression of the collective behavior 
for increasing temperatures, and (iii) stable excited 
spin configurations at high densities, which we at- 
tribute to a collision-induced stabilization mechanism. 
The experiments were performed with a quan- 
tum degenerate gas of “°K in an optical dipole 
trap (27), an ideal candidate for the investigation 
of spin-changing dynamics because of its partic- 
ular high-spin scattering properties (23). The 
hyperfine ground state of “°K has a total spin 
f =—9/2, which gives rise to 10 spin states with 
magnetic quantum numbers m = —9/2,...,9/2. 
To record the population of these different spin 
components, we released the atoms from the trap 
and subsequently measured the spin occupations 
after expansion in a Stern-Gerlach field (27). To 
understand collective spin-changing dynamics, 
we first consider the underlying microscopic col- 
lisions, well described by s-wave scattering: Two 
fermionic atoms collide and change their spin con- 
figuration (mm, m2 — m3, mq), conserving the total 
magnetization (7m, + m2 = m3 + m4) and obey- 
ing the Pauli exclusion principle (m, # m2 and 
m3 # m4). The interplay between different qua- 
dratic Zeeman energies and differential spin- 
dependent interaction energies for the different 
spin configurations determines whether spin os- 
cillations can occur or not (2/). At large magnetic 
fields, spin-changing collisions are suppressed 
energetically, and the Fermi sea remains in its 
initial spin configuration. For low magnetic fields, 
the two energy scales become comparable, and 
resonant spin oscillations are induced. As a key 
result, Fig. 1B demonstrates this kind of co- 
herent spin oscillations for time scales as long as 
2s for an ultracold atomic Fermi ensemble. In 
the following, we show that this peculiar behav- 
ior can be theoretically described via a mean-field 
approach (26). Furthermore, all key observations 
are explained unexpectedly well within a single- 
spatial-mode approximation; that is, the whole 
Fermi sea evolves in time as a single spin entity. 
The high-spin Fermi sea is described by the 
single-particle density matrix in Wigner represen- 
tation w,(x,p), which depends on position and 
momentum, whereas i and j account for the spin 
states. The diagonal elements of this matrix describe 
the spin occupations, whereas off-diagonal terms 
reflect the single-particle spin coherences. Its time 
(t) evolution obeys the Boltzmann equation (27) 


O;w5 (XP) = Oow;(x, P) Te 


(1) 


Here, Oowj(x,p) accounts for the spin- 
independent center-of-mass motion of the atoms 


[V(x) + 82, ws P)]y + Lisp) 


in the trap, and /;(x,p) is the collisional integral 
accounting for particle-hole excitations. Spin- 
changing dynamics are driven by the commu- 
tator, including the mean-field potential V;;(x) = 
Idp ¥. a (Una — Usgt)Wa(x, p) with the interac- 
tion tensor Uj; and the quadratic Zeeman shift 
gS2. The commutator drives the spin-changing 
dynamics in the presence of coherences, which 
are reflected in finite off-diagonal matrix ele- 
ments of w; (27). In Fig. 1B, the system is prepared 
with very small initial coherences sufficient to 
initialize a spin instability followed by collective 
spin oscillations, a behavior also observed for Bose- 
Einstein condensates (28). 
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Fig. 1. Collective and coherent spin-changing 
oscillations in a Fermi sea. (A) Sketch of a Fermi 
sea performing collective spin-changing dynamics. 
Arrows indicate the different spin states. (B) Col- 
lective spin-changing dynamics initialized by small 
coherences present in the system. Plotted are the 
relative populations of different spin states n(m) 
with respect to the total atom number as a func- 
tion of time. Solid lines are guides to the eye. The 
magnetic field, peak density, and temperature are 
B=0.1G,n,=5.9 x 10” cm ®, andT = 0.14 Ty, 
where 7; indicates the Fermi temperature. (C) Col- 
lective spin-changing oscillations of a Fermi sea 


The interplay between the kinetic and in- 
teraction energy in Eq. | can lead to a fascinat- 
ing effect: If the spatial dynamics of the trapped 
atoms, given by Wap, are reasonably faster than the 
spin-changing dynamics, given by Vjj|;;/h, then 
the spatially dependent interactions are averaged 
out, leading to an effective long-range interac- 
tion potential (29). For our experiments, typically 
hOtrap / Vijligg 25, which justifies the above- 
mentioned single-mode approximation and leads 
to collective spin-changing behavior of the whole 
Fermi ensemble despite the underlying complex 
spatial structure (27). Figure 1C shows coherent 
spin oscillations at ultralow temperatures for an 
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prepared with coherences generated by radio-frequency pulses corresponding to a spin rotation of 
8 = 0.44 (27). Plotted is n(m) as a function of time. Solid lines are fits to the data, from which we 
extract the oscillation amplitude and frequency (27). The experimental parameters are B = 0.12 G, n, = 5.9 x 
10” cm’, and T = 0.13 Ty. Error bars indicate one standard deviation. 
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Fig. 2. Collective behavior at ultralow temperatures. Frequency (main graphs) and amplitude 
(insets) of collective spin oscillations versus magnetic field (A) and density (B), both for an initial state 
as in Fig. 1C. Experimental parameters are np = 1.0 x 10°? cm? and T = 0.22 Ty for (A) and 
B = 0.17 GandT = 0.18 T; for (B). Data (red points) are deduced from fits (27). Solid lines in insets 
correspond to the amplitude and the shading in the main graph to a Fourier spectrum, both deduced 
from calculations within a single-mode approximation without free parameters (27). The shaded area in 
(B) inset reflects uncertainties in particle number and temperature. Vertical error bars indicate two 
standard deviations; horizontal error bars indicate systematic experimental uncertainties. 
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ensemble prepared with radio-frequency pulses. 
This generates an initial state with substantial spin 
coherences corresponding to a rotation of the 
density matrix in spin space (27). In contrast to the 
instability-induced oscillations shown in Fig. 1B, 
this state immediately exhibits spin oscillations 
and can thus be systematically compared to theo- 
retical calculations. 


At high magnetic fields, we found low-amplitude 
and high-frequency oscillations, in contrast to 
slow and giant spin oscillations at low magnetic 
fields (Fig. 2A). By varying the density and 
thereby the interaction energy within the Fermi sea 
(Fig. 2B), we found an increase in amplitude and a 
rather constant frequency for increasing interac- 
tion. The system precisely follows the mean-field 


A ; B; 
0.5 4 
6 
0.4 4 
x 5 
0.3 | = 204 
Bo 4 2 = 
0.2 e T=0.13T, 4 5 203 ee 2 
=] = ———— SB 
fi fi 1 2 3 & ' is 
2 Lo2 3 
c iL oe ® 
£05 at 8 3 
ie or 0.1 8 
=] = 
9 0.4 1p 0.2 0.4 0.6 £ 
° Temperature (T,) S 
oO Cc 
> 03 
io 
(0.2 


0.0 0.2 0.4 


Time (s) 


0.6 0.8 


0.2 


0.3 0.4 
Temperature (T,) 


0.5 0.6 


Fig. 3. Temperature influence on collective spin dynamics. The initial state is prepared as in Fig. 1C, 
and the experimental parameters are B = 0.12 G and n, = 5.2 x 10 cm™*. (A) Time evolution of the 
occupations n(+3/2) for three different temperatures (experimental data and fitted curves). (B) Fre- 
quency (main graph) and amplitude (inset) for different temperatures. (C) Damping rate versus 
temperature. Data (red points) are deduced from fits. Amplitude and frequency calculations in (B) are 
performed within a single-mode approximation; damping calculations in (C) within a relaxation ap- 
proximation, both without free parameters (27). The shaded areas reflect the uncertainties in particle 
number and temperature. Error bars of occupation and temperature indicate one standard deviation, 
error bars of frequency, amplitude, and damping indicate two standard deviations. 
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Fig. 4. Stability diagram of a magnetically excited Fermi sea. (A) Occupation of n(+1/2) after a 
time evolution of 2 s, dependent on the magnetic field and the density for an initial state as in Fig. 
1B. Three regions are identified: a Zeeman-protected regime (labeled 1), a spin-oscillation regime, 2; and 
a high-density regime, 3. (B and C) The time evolution for different magnetic fields at a density of n, = 
7.2 x 10°? cm? and n, = 5.9 x 10” cm”, respectively. 
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description within the single-mode approximation 
without free parameters. As one key result of this 
work, we therefore conclude that spin-changing 
collisions can induce collective behavior in a Fermi 
sea of trapped atoms preserving the spatial struc- 
ture for long time scales, even for macroscopic 
systems with particle numbers on the order of 10° 
and a spatial extent larger than 100 um. 

A fundamental question is how finite temper- 
ature affects the observed collective behavior. 
Figure 3A shows the strong impact of increasing 
temperature on the spin-changing dynamics in 
our experiment, revealing long-lived oscillations 
at low temperatures and a nearly full suppression 
of coherent evolution at higher temperatures. 
Again we found good agreement for the observed 
frequencies and amplitudes with the single-mode 
approximation (Fig. 3B). However, for higher 
temperatures we observe substantially stronger 
damping of the coherent oscillations (Fig. 3C). 
We attribute this to an enhanced rate of particle- 
hole excitations, which are described by the 
collisional integral (x, p) in Eq. 1. These “in- 
coherent” collisions are characterized by a finite 
momentum exchange of the colliding particles 
and reduce single-particle coherences. In contrast, 
the “coherent” collisions inducing collective spin 
oscillations conserve the individual momenta and 
are captured by the mean-field potential. At ul- 
tralow temperatures, the Fermi statistics do not 
provide any free momentum states because of 
the Pauli exclusion principle; hence collisions 
involving momentum exchange are strongly sup- 
pressed (30). For increasing temperatures, how- 
ever, free momentum states become available 
in the Fermi sea and allow for increased particle- 
hole excitations. In a relaxation approximation 
(31), we estimate the corresponding damping rate. 
Despite the fair agreement in the low-temperature 
regime (Fig. 3C), this simplified model does 
not catch the full behavior at higher temper- 
atures. For an explanation, see (27). In general, 
the observed temperature-dependent damping 
rate is in contrast to experiments with thermal 
gases in the Knudsen regime at low interactions, 
where independent of temperature a suppres- 
sion of incoherent collisions arises because of the 
large separation of the trap levels (AOtrap > Vii) 
(32, 33). In our system, incoherent collisions 
are energetically possible (rap ~ Vii) but sup- 
pressed at ultralow temperatures because of 
Pauli blocking. This is crucial for collective spin- 
changing dynamics in a Fermi sea at moderate 
interactions. 

Lastly, we investigated the occurrence of spin 
instabilities like the one presented in Fig. 1B as a 
function of the density and the magnetic field. As 
a particularly unexpected feature, we found a 
regime at high densities where magnetically ex- 
cited initial states remain stable for seconds. We 
studied this effect by investigating the emergence 
of spin instabilities, which is depicted in the sta- 
bility diagram in Fig. 4A. Here, we initially pre- 
pared the system in the magnetically excited spin 
states m = +3/2 and mapped out the m = +1/2 
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occupation after a time evolution of 2 s, when 
collective spin oscillations have been damped out 
already and the system is in a quasi-equilibrium 
configuration. We identify three different regions: 
(i) the Zeeman-protected regime, where spin- 
changing collisions are off-resonant and the spin 
configuration remains constant; (ii) the spin- 
oscillation regime, where spin-changing collisions 
are resonant and spin instabilities occur; and (iii) 
a stable high-density regime, where the spin con- 
figuration does not change, despite the fact that 
coherent spin-changing oscillations would be res- 
onant, thus possible. To illustrate the behavior in 
regime (iti) more clearly, we show time evolu- 
tions at different magnetic fields for two slightly 
different densities (Fig. 4, B and C), revealing an 
abrupt spin stabilization at small magnetic fields 
for the larger density. We attribute this stabiliza- 
tion to an increased rate of incoherent collisions 
at large densities. In terms of the single-particle 
density matrix formalism, these incoherent colli- 
sions project the initial state onto the diagonal 
elements, which is similar to the measurement 
projection associated with the quantum-Zeno effect. 
In further analogy, any coherent evolution is sup- 
pressed. In the experiments presented here, this 
mechanism is highly sensitive to slight changes 
of the experimental parameters and leads to a 
completely different macroscopic behavior of the 
Fermi sea. 

We have investigated the intriguing interplay 
between several microscopic spin-changing pro- 
cesses in ultracold high-spin Fermi gases. The 
high experimental control as well as the obtained 


understanding of our model system, opens the 
path to studying exotic phenomena, such as the 
creation of topological structures and textures in 
superfluid Fermi gases with high spin. 
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Performing Mathematical Operations 


with Metamaterials 


Alexandre Silva,?* Francesco Monticone,2* Giuseppe Castaldi,? Vincenzo Galdi,? 


Andrea Alu,” Nader Engheta*t 


We introduce the concept of metamaterial analog computing, based on suitably designed 
metamaterial blocks that can perform mathematical operations (such as spatial differentiation, 
integration, or convolution) on the profile of an impinging wave as it propagates through these 
blocks. Two approaches are presented to achieve such functionality: (i) subwavelength structured 
metascreens combined with graded-index waveguides and (ii) multilayered slabs designed to 
achieve a desired spatial Green’s function. Both techniques offer the possibility of miniaturized, 
potentially integrable, wave-based computing systems that are thinner than conventional 
lens-based optical signal and data processors by several orders of magnitude. 


etamaterials—artificially engineered 
structures designed to exhibit uncon- 
ventional wave properties—have re- 
cently opened exciting venues for unprecedented 
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control and manipulation of electromagnetic 
fields, as well as other forms of waves, such as 
acoustic, elastic, mechanical, and matter waves 
(J—5). The spatial and/or temporal engineering of 
their bulk parameters, such as the permittivity 
and permeability of an artificial material, enables 
shaping of local and global field distributions to 
achieve a desired functionality. Transformation 
optics (6, 7), for instance, has shown that by lo- 
cally tailoring the electric and magnetic response 
of a material, one may be able to achieve func- 
tionalities of interest, such as cloaking (6-8), field 


concentration or rerouting (9—/4), and optical il- 
lusions (/5). 

Here, we introduce the concept of “computa- 
tional metamaterials” that can be used to perform 
mathematical operations—such as spatial differen- 
tiation, integration, or convolution—as electromag- 
netic waves propagate through them. Traditional 
analog computers, or “calculating machines” in 
the form of mechanical, electronic, and hybrid 
analog computers, have been designed in the past to 
perform such mathematical computations (/6—/8), 
but these solutions have suffered from substantial 
limitations, including relatively large size and 
slow response. Mechanical deformation of arrays 
of bars and pivots to achieve a certain functional 
response (/9) and construction of linkages to syn- 
thesize a portion of an algebraic curve (20) have 
also been explored. Our idea for metamaterial- 
based computing is conceptually sketched in Fig. 1, 
in which metamaterial blocks produce a wave 
profile at their output proportional to the desired 
operation performed on an arbitrary input wave 
profile by suitably manipulating the impinging 
wave as it propagates through them. Although a 
selected set of these functionalities may be achieved 
with well-known optical signal processing or 
Fourier optics using conventional lenses (2/—23), 
our approaches provide the possibility of highly 
compact, potentially integrable architectures with- 
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corresponding to the Fourier transform of the 
kernel 
~ ; Wy 
G(y) = — 6 
(») =sine(F) 6 
where 
(7) 


is a GRIN scale factor defined in (24). For such a 
transfer function, the required constitutive param- 
eters are 


“10 egress ®) 


The results of our simulation are shown in Fig. 2G, 
demonstrating good agreement with the analytical 
results. 

In our second (GF) approach, we design a 
multilayered metamaterial slab, transversely ho- 
mogeneous but longitudinally inhomogeneous, 
that realizes an output field distribution g(y) to an 
input function f(y), consistent with the GF G(y) 
associated with a desired operator of choice 
(Fig. 3A). In this approach, we avoid the need 
of going into the Fourier domain, hence avoiding 
the GRIN subblocks that perform Fourier and 
inverse Fourier transforms. Because this GF slab 
is transversely symmetric, it can in principle real- 
ize an arbitrary GF with even symmetry, such as 
the second spatial derivative g(y) ¢ d*f(yVdy", 
which can be written in terms of an even kernel 
as g(y) & J flw)8"’(y — u) du [where the required 
GF is proportional to the second spatial derivative 
of the Dirac delta function 5’’(y)]. Our goal is 
then to tailor the transmission coefficient for im- 
pinging plane waves as a function of the trans- 
verse wavenumber k, to be G(k,) ocak? In (29), 
we addressed this problem within the framework 
of nonlocal transformation optics, assuming infi- 
nite media. Here, we consider a finite longi- 
tudinal thickness divided into N parallel layers 
with subwavelength thicknesses d;,i=1,2,...,N 
(Fig. 3A). We developed a fast synthesis ap- 
proach to obtain the permittivity, permeability, 
and thickness of each layer required to tailor the 
overall plane-wave transmission coefficient 
to match G(k,) for all impinging angles (28). It 
is also possible to obtain the same result using 
nonmagnetic layered metamaterials by suitably 
increasing the number of layers, arguably sim- 
plifying the design and bringing it closer to 
practical realization. The 10-layered design (28) 
in Fig. 3B is a GF slab with nonmagnetic (u = U9) 
constitutive parameters and an overall thickness 
comparable to Ao. 

Our numerical results confirm that the de- 
signed metamaterial provides a GF kernel that 
resembles, given the unavoidable limited resolu- 
tion, the desired 5’’(y) at the output plane when 
the input is an approximate delta function. In Fig. 
3, B and C, we apply a set of quadratic poly- 
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nomial functions and the Austin city skyline 
borders, respectively, as inputs for our second- 
spatial-derivative GF slab, showing the evolution 
of the z-component of the magnetic field distri- 
bution along the slab, and demonstrating that the 
designed structure indeed approximately performs 
the second-derivative operation as the wave prop- 
agates through it. Edge-detection spatial analog 
filters [e.g., Laplace filters (30)] and image- 
processing devices may largely benefit from this 
system. We also design a five-layered GF slab 
(with overall thickness of 0.379) that performs 
the convolution operation of an input function 
with a one-wavelength rectangular spatial kernel 
(28). Figure 3D shows the simulation results 
using another rectangular function as input. 

Our proposed computational metastructures 
are smaller than conventional lens-based optical 
signal-processing systems by several orders of 
magnitude. Moreover, with no analog-to-digital 
conversion or other systematic delays, here mathe- 
matical operations get processed as the electro- 
magnetic signals propagate through the highly 
miniaturized and compact computational meta- 
materials. Such designs may potentially lead to 
direct, ultrafast, wave-based analog computation, 
equation solving, and signal processing at the 
hardware level. 
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Heteroepitaxial Growth of 
Two-Dimensional Hexagonal Boron 
Nitride Templated by Graphene Edges 
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Leonardo Basile,”* Juan Carlos Idrobo,” An-Ping Li,?t Gong Gut 


By adapting the concept of epitaxy to two-dimensional space, we show the growth of a 
single-atomic-layer, in-plane heterostructure of a prototypical material system—graphene and 
hexagonal boron nitride (h-BN). Monolayer crystalline h-BN grew from fresh edges of monolayer 
graphene with atomic lattice coherence, forming an abrupt one-dimensional interface, or 
boundary. More important, the h-BN lattice orientation is solely determined by the graphene, 
forgoing configurations favored by the supporting copper substrate. 


tended single-crystal film, or epilayer, forms 
on a two-dimensional (2D) surface of a single 
crystal of a different material, as exemplified by 


I: conventional heteroepitaxial growth, an ex- 


the growth of GaAs on Si (/). In general, if the 
lattice constants of the different materials are 
similar, the atomic lattice of the surface can 
act as a template for the initial growth of the 
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epilayer and ensure that it forms a single crystal. 
Because of the interactions in 3D space between 
the 2D seed crystal and the surroundings, it is 
not a trivial question whether a purely 2D hetero- 
epitaxial crystal would grow from the 1D edge 
of a 2D seed crystal, with the crystallography 
of the epitaxial crystal solely determined by the 
seed. Here, we implement heteroepitaxy in a 2D 
material system by growing monolayer hexag- 
onal boron nitride (h-BN; BN hereafter) from 
the edges of existing graphene crystals, which 
have a close lattice match (1.7%). We demon- 
strate abrupt zigzag boundaries as well as lattice 
coherence between the graphene “substrate” and 
the BN “epilayer.” 

The growth method is schematically illus- 
trated in Fig. 1A and described in detail in the 
supplementary materials (2). First, monolayer 
graphene single crystals (fig. S1) were grown by 
atmospheric-pressure chemical vapor deposition 
(APCVD) (3, 4) on a Cu foil, providing the sub- 
strate in 2D space. Immediately before BN growth, 
we performed a hydrogen etch (4-6) to obtain 
fresh edges, or “surfaces” in 2D. Graphene island 
edges were etched back, and equiangular hexa- 
gon etch holes with zigzag edge sides (5) formed, 
which exhibited distinctive 120° angles, as re- 
vealed by scanning electron microscopy (SEM) 
(Fig. 1B). This step is analogous to the common 
practice of obtaining fresh starting surfaces for 
conventional epitaxy and is critical to the forma- 
tion of the BN epilayer here. For controlled BN 
epilayer formation, we ensure that (i) the growth 
is indeed confined in a 2D space—the Cu surface— 
and (ii) the growth is sufficiently slow to allow 
for epitaxial growth. A low precursor (BH3—NH3) 
supply rate satisfies both requirements and was 
achieved with APCVD exploiting process kinet- 
ics (7), analogous to graphene APCVD using high- 
ly diluted CH, precursor that yields crystallites 
with zigzag edges (3, 4). 

The early stage of BN-‘‘on’’-graphene hetero- 
epitaxy in 2D shown in Fig. 1C revealed several 
BN islands, with a distinct contrast in the SEM 
image, forming at the graphene edges. Figure 1D 
shows the formation of BN epilayers in 2D, 
which we refer to as “epistrips.” The growth of 
the epistrip, which is a 2D crystal, is different 
from seeded lateral epitaxy (8) of 3D crystalline 
films. Figure 1E shows graphene islands enclosed 
by continuous epistrips. Eventually, all etch holes 
in graphene were filled by BN (Fig. IF). No 
second-layer formation was observed in SEM. 
Atomic resolution scanning tunneling micros- 
copy (STM) revealed atomic-level details of 
graphene-BN boundaries (2), with the assign- 
ment of graphene and BN regions made by their 
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distinctive scanning tunneling spectra (STS), as 
discussed in detail below. Figure 1G shows an 
abrupt boundary as well as lattice coherence be- 
tween graphene and BN. Electron diffraction ex- 
periments to be discussed below confirm lattice 
coherence on larger length scales and, more im- 
portant, show that the BN epistrip crystalline ori- 
entation is solely determined by the graphene 
seed, independent of the underlying Cu lattice. 
These results differ fundamentally from those 
of the previous demonstrations of graphene-BN 
heterostructure growth. In-plane graphene-BN 
heterostructures were demonstrated (9, 70) on 
Cu foils by top-down patterning and regrowth, 
without or agnostic of graphene-BN lattice co- 
herence, which is unnecessary for the intended 
ultrathin circuit board or passive component ap- 
plications. Also, on polycrystalline Cu foils by 
chemical vapor deposition (CVD), a variety of 
hybrid vertical/in-plane heterostructures were syn- 
thesized (//). On single-crystal metal substrates 
in ultrahigh vacuum chambers, two-step growth 
methods resulted in patchworks of graphene and 
BN domains, which exhibited lattice coherence 
that is coincident with epitaxy in the third di- 
mension because the graphene and the BN are 
both epitaxial to the single-crystal supporting 
substrates (/2, 13). This coincidence masks 
possible heteroepitaxy in 2D, especially for the 
case (/3) where BN nucleated at graphene edges. 
We examined the heterostructure by STM after 
annealing the Cu foil sample in the STM system 
at 430°C for 48 hours to relax strain (/4). The 
2D heterostructure did not need to be transferred 
from the Cu foil, thus avoiding transfer-induced 
contamination (2). The STM image in Fig. 2A 
shows the seamless connection between lower 
graphene and higher BN regions, which have an 
apparent height difference. Although electronic 
properties contribute to apparent heights, the ob- 
served difference is considerably smaller than the 
interlayer spacings of graphene (3.37 A) and BN 
(3.33 A) (15), confirming the in-plane connection 
between graphene and BN and the absence of 
additional layers. Notably, each segment of the 
boundary is zigzag oriented, consistent with the 
formation of zigzag graphene edges by the hy- 
drogen etch (4, 5). Furthermore, enlarged images 
(fig. S3, B and C) of the graphene and BN re- 
gions in fig. S3A, along with their 2D fast Fourier 
transforms (insets to figs. S2, B and C), show no 
discernible rotational misalignment between the 
two, corroborated by Z-contrast scanning trans- 
mission electron microscopy (STEM) (fig. S10). 
The measured lattice constants of graphene (2.46 + 
0.04 A) and BN (2.50 + 0.04 A) are consistent 
with reported values (2.46 A and 2.50 A) (/5). 
Moreover, the STEM results also indicate that 
the interface boundary is formed by monolayer 
graphene and BN (fig. S11A) and that it is sharp, 
with a transition width of ~0.5 nm (fig. S11B). 
Graphene and BN regions can be identified 
by simultaneously acquiring STM images and 
STS. Differential tunneling conductance (di/dV) 
maps (Fig. 2B and fig. S3F) clearly show two 


distinct regions, with segments of the boundary 
forming distinctive 120° angles. To elucidate 
the assignment of graphene and BN regions, we 
show in Fig. 2D a series of STS curves obtained 
along a line across a boundary. Figure 2C marks 
the location where each curve was obtained. The 
top curves (yellow, magenta, and cyan) are char- 
acteristic of graphene (/6), with the Dirac point 
~300 mV below the Fermi level. The black curve 
displays metallic behavior, which we attribute to 
an interface band between BN and Cu, following 
the analysis of Joshi et al., who considered the 
BN transparent at these low biases (/7). Notice- 
ably, the zero-bias differential conductance was 
lower in the BN region. Thus, in the d//dV map 
obtained at a low sample bias V= 0.1 V shown in 
fig. S3F, we assigned the low differential con- 
ductance region to BN. At a high bias V= 1 V, the 
differential conductance map is reversed (Fig. 2B). 
To show lattice coherence between the graphene 
substrate and the BN epistrip over larger length 
scales than atomic-resolution images and, more 
important, the overriding of the influence of the 
underlying Cu lattice, we investigated a sample 
by low-energy electron microscopy (LEEM) and 
micro low-energy electron diffraction (u-LEED). 
Preserving the Cu support allowed us to study the 
heterostructure crystallography with regard to the 
underlying Cu surface, which consists predomi- 
nantly of (100)-oriented grains (18). The LEEM 
image in Fig. 3A shows the graphene cores, the 
BN epistrips, and the bare Cu with bright, dim, 
and dark contrasts, respectively. The u-LEED pat- 
terns acquired at eight locations are shown in 
Fig. 3, B to I (corresponding to locations labeled 
B to I in Fig. 3A). The four first-order diffraction 
spots arising from the Cu(100) surface [marked 
by blue circles with one connected to the (00) 
spot with a blue arrow] in all eight patterns show 
the same orientation, indicating that the imaged 
area is a single Cu grain. The graphene and BN 
spots are circled, with one connected to the (00) 
spot by an arrow, in red and green, respectively. 
Comparing diffraction patterns of the graphene 
cores and their corresponding BN epistrips, we 
notice that all BN epistrips are orientationally 
aligned to their graphene cores, regardless of the 
rotation angle between the graphene-BN lattice 
and the underlying Cu(100) surface lattice. The 
rotation is labeled for each LEED pattern. The 
top, middle, and bottom panels of Fig. 3J depict 
real-space structures corresponding to the three 
rotations, +16°, —6°, and 0°, respectively. 
Whereas graphene does not align to the un- 
derlying Cu(100) at particular rotation angles 
(18), BN exhibits a definitive alignment when 
grown on a bare Cu foil (with 0° rotation; see 
the supplementary materials). Here, grown as 
the epistrip, or epilayer in 2D, the BN adopts the 
orientation of the graphene, because the in-plane 
interaction is much stronger than and thus over- 
rides the out-of-plane interaction with the Cu. 
This observation is the best manifestation of 
epitaxy in 2D, in contrast to graphene-BN lattice 
coherence mediated by an underlying metal 
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Fig. 1. Heteroepitaxy in 2D space. (A) Cartoon 
illustration of epitaxial growth of BN onto graphene 
edges. Black, blue, red, and small gray spheres 
visualize C, N, B, and H atoms, respectively. The 
reliance on the catalytic Cu surface for precursor 
(H3B—NH3) decomposition confines the growth to 
2D. (B) SEM image of a hydrogen-etched graphene 
(Gr) island with equiangular hexagon etch holes. 
(C) Nucleation of BN at graphene edges during 
initial growth. (D) Formation of BN epistrips at 
graphene edges. (E) Continuous BN epistrips 
enclosing graphene islands. (F) Full coverage of 
the etch holes in a graphene island by BN. (G) 
Atomic-resolution STM image (3.5 nm by 2.5 nm) 
of a graphene-BN boundary. A honeycomb lattice 
and zigzag boundaries are overlaid on the image. 


Fig. 2. Graphene-BN boundary structure at 
atomic scale. (A) STM image at a graphene-BN 
boundary (7.5 nm by 5 nm, sample bias 0.5 V). 
(Inset) Height profile along the white dashed 
arrow across the boundary. (B) Differential tun- 
neling conductance map simultaneously obtained 
in the same region as fig. S3E (1 um by 1 um; 1 V 
sample bias voltage; 200 pA tunneling current). (C) 
STM image (8 nm by 5 nm) of a graphene-BN 
boundary, with colored dots marking locations of 
STS acquisition. (D) di/dV curves color coded by 
location and offset for clarity, with horizontal lines 
indicating zero differential conductance. 


REPORTS ; 
Graphene/Cu Fresh edge 


BN nucleation at edge 
— etch 
, fy HB-NH, 
‘?. 


=z 


Continued 
BN growth 


(enlarged) 


www.sciencemag.org SCIENCE VOL 343 10 JANUARY 2014 165 


166 


a, 426r_ Gr 428Nn © MBN» 
1CU 9 gt ox 


of }< | 


Q26r 
, 


a e 
1Gr  @2BN ° Arey 


a 
Sh 
v ef 


Fig. 3. Graphene-BN boundary structure at mesoscopic scale. (A) LEEM 
image of BN epistrips grown onto edges of graphene (Gr), the brightest re- 
gions. The darkest and the medium gray regions are bare Cu and BN, respec- 
tively. The labeled circles show the locations and sizes (0.5 or 2 um diameter) 
of the regions analyzed in the u-LEED patterns of (B) to (I). (B to 1) LEED patterns 
acquired at locations marked in (A). The first-order diffraction spots and 
reciprocal lattice vectors of Cu, graphene, and BN are distinguished by 


blue, red, and green colors, respectively. Each BN epistrip and the correspond- 
ing graphene substrate have the same in-plane orientation with respect to the 
underlying Cu lattice: rotations of +16° [(B) and (C)], —6° [(D) to (F)], and 0° 
[(G) to (I)]. (J) Real-space structure models corresponding to the three rota- 
tions. Following (B) to (1), blue, red, and green represent Cu, graphene, and 
BN, respectively; B and N atoms are symbolized by two shades of green. Lattice 
vectors are shown. 


lattice (12, 13). The epistrip is purely 2D and is 
not necessarily epitaxial to the support in the third 
dimension. Thus, epitaxy in 2D is not to be con- 
fused with the Frank—van der Merwe film growth 
mode (sometimes referred to as 2D growth) (8). 

As expected, the BN patterns exhibit three- 
fold symmetry, a feature besides LEEM con- 
trast distinguishing it from the six-fold symmetric 
graphene. Interestingly, the BN spots in Fig. 3, E 
and F, acquired on BN epistrips of the same 
graphene core, are mirror images of each other, 
whereas those in Fig. 3, H and I, are the same. 
This observation relates to the well-known 
antiphase phenomenon in polar-on-nonpolar ep- 
itaxy (/) and has implications in the spin and 
magnetic properties of the boundaries (/9, 20). 

Now we discuss the rationale behind hetero- 
epitaxy in 2D space. Although the growth of 2D 
crystals has been extensively studied (5, 2/—25) 
and 2D heterostructures have been synthesized 
recently (9-/3), it has until now been unclear 
whether a purely 2D heterostructure (criterion 1) 


can form by the growth of an epistrip from the 1D 
edge of a seed 2D crystal (criterion 2) with the 
crystallography of the epistrip solely determined 
by the seed (criterion 3). Because of the complex 
interactions in 3D space that involve the 2D crys- 
tal, the supporting substrate, and the feed gas, 
the three criteria closely intertwine. To meet cri- 
terion 1, the supporting substrate must at the same 
time serve as a constraint that confines the growth 
process on its surface to avoid the formation of 
multiple stacked sheets. We achieved confine- 
ment by limiting the precursor feed rate, leverag- 
ing the catalytic property of Cu (2, 22, 23). 
Criterion 2 can be met if the supporting substrate 
surface is sufficiently uniform to suppress nucle- 
ation (which results from interactions between 
the supporting substrate and feed gas) away from 
the seed 2D crystal edge. Simultaneously meet- 
ing criteria 2 and 3 is subtle, however, because of 
the interaction between BN and the Cu support. 
In the absence of graphene seeds, BN definitive- 
ly aligns with the underlying Cu lattice (2). In 


contrast, graphene itself exhibits a wide distribu- 
tion of orientations relative to the underlying 
Cu lattice (18). For intended heteroepitaxy in 
2D, therefore, it is not obvious whether the BN 
epistrip will preferably nucleate at the graphene 
edge, adopting its orientation, or elsewhere align- 
ing to the Cu lattice. This work demonstrates 
that, at least in one prototypical material system, 
the epistrips indeed nucleate at the seed crystal 
edge to form a 2D heterostructure. The growth 
of other 2D crystals, such as metal dichalcogen- 
ides (24, 25), has been established, providing the 
foundation to explore heteroepitaxy in 2D space 
based on those materials. There, the three criteria 
intertwine in different ways and need to be met 
by leveraging different mechanisms. 
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Self-Accelerating CO Sorption ina 
Soft Nanoporous Crystal 
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Carbon monoxide (CO) produced in many large-scale industrial oxidation processes is difficult 
to separate from nitrogen (N2), and afterward, CO is further oxidized to carbon dioxide. 

Here, we report a soft nanoporous crystalline material that selectively adsorbs CO with adaptable 
pores, and we present crystallographic evidence that CO molecules can coordinate with 
copper(II) ions. The unprecedented high selectivity was achieved by the synergetic effect of the 
local interaction between CO and accessible metal sites and a global transformation of the 
framework. This transformable crystalline material realized the separation of CO from mixtures 
with Nz, a gas that is the most competitive to CO. The dynamic and efficient molecular 
trapping and releasing system is reminiscent of sophisticated biological systems such as 


heme proteins. 


arbon monoxide (CO) is a central re- 

source for carbon-based chemical products 

such as polymer fibers, plastics, and med- 
icines (/-4). Although huge amounts of CO are 
produced in industrial processes such as steel 
manufacturing, CO is mixed with other gases 
(such as unburned N, from air). This exhaust gas 
cannot be used as a carbon resource and is burned 
to produce a huge amount of CO>. For effective 
separation, the selective uptake and ready release 
of CO are inseparable; however, these objectives 
often conflict because the trade-off for the in- 
crease in interaction with CO is some loss of ease 
in subsequent CO release. To date, CO separation 
has been limited to processes that strongly chemi- 
sorb CO on transition metal ions such as mono- 
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valent Cu’ (5), but high temperatures are required 
to release CO. A synergistic system that makes 
use of a weak local interaction and subsequent 
global structural change could overcome this 
limitation in a manner similar to allosteric effects 
in the binding and release of O2 by heme pro- 
teins (6). 

Despite their crystalline form, porous coordi- 
nation polymers (PCPs) or metal-organic frame- 
works (7—/0) can provide a nanometer-sized soft 
space that is transformable in response to guest 
accommodation (//—/7). This feature encour- 
aged us to create a synergy system in a PCP solid 
to achieve the ultimate separation of mixed gases. 
Herein, we report on a PCP that has specific but 
weak CO adsorption and recognition sites and a 
reversibly transformable framework. Weak ad- 
sorption of CO on the Cu" site induces marked 
global structural changes in a positive cooperative 
manner, which produces additional space and al- 
lows further adsorption of CO as so-called reversible 
self-accelerating CO adsorption (fig. S1 and movie 
S1) (8). As a result, this crystalline porous com- 
pound achieved unprecedented highly effective 
trapping of CO from a gas mixture with No. 

We prepared the PCP 1 composed of 5- 
azidoisophthalate (aip) (19) and divalent Cu?* 


ions. In the as-synthesized crystal of PCP 1 
{[Cu(aip)(H20)|(solvent),,, (where 7 is the num- 
ber of solvent molecules)}, the Cu" and aip 
ligands form Cu*" paddle-wheel units, the axial 
positions of which are occupied by water mole- 
cules (Fig. 1A). An infinite kagomé-type two- 
dimensional (2D) sheet structure (20, 2/) is 
formed through the connection between the 
paddle-wheel units by the aip ligands (Fig. 1B). 
The 2D sheets are stacked with a separation 
distance of 6.7 A, creating two types of 1D in- 
finite channels with cross-section sizes of 9 x 
9 A? (channel L; hexagonal larger channel) and 
4 x 4 A? (channel S; triangular smaller chan- 
nel), respectively, along the c axis (Fig. 1, B to 
D). The total solvent-accessible volume was 
estimated to be 38% (766 A°) of the unit cell 
volume. The contributions by channels Z and 
S to the total solvent-accessible volume were 
estimated as 65% (498 A) and 35% (268 A>), 
respectively. 

Thermogravimetric analysis (fig. S2) (78) in- 
dicated that the guest molecules were easily re- 
moved by heating at 80°C to give a dried PCP 2 
[Cu(aip)] that is thermally stable up to ~180°C. 
We determined the crystal structure of the dried 
PCP 2 by Rietveld analysis using synchrotron 
powder x-ray diffraction data (fig. S3) (78). The 
removal of water molecules from the axial site 
of the Cu** paddle-wheel unit caused one of the 
carboxylate oxygen atoms in the adjacent layer to 
coordinate to this site to form the paddle-wheel 
chains along the c axis (Fig. 1, E and H, and fig. 
S5) (78). We observed marked changes in the 
shape and volume of channels upon the removal 
of the guest molecules (Fig. 1, F and G). The total 
solvent-accessible volume was reduced from 
38% of the unit cell to 25%. In the structure of 
the dried PCP 2, the carboxylates twisted against 
the Cu-Cu axis, and the aromatic planes further 
inclined to the pores to make the channels nar- 
rower than those of the as-synthesized PCP 1. We 
noted distinct shape changes in channel S. Chan- 
nel S was squeezed at the neck, causing a struc- 
tural change from a bellows-like shape (Fig. 
1C) to a garlic-like shape (Fig. 1G) (each pore 
is almost separated). We expected that access of 
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the guest molecules would be greatly hindered. 


In addition, the dried PCP 2 easily recovered to —_ troduction and removal. 


the original PCP 1 configuration when it was 
exposed to air containing moisture, indicating 
that the structural transformation between PCP 


Fig. 1. Crystal structures and channel shapes of PCP 1 (A to D) and 2 (E 
to H). Atoms are colored as follows: Cu, green; C, gray; N, blue; O, red; H, 
white. Azide moieties and hydrogen atoms are omitted for clarity, except for in 
(B) and (F). (A) Coordination environment of Cu2* in 1. (B) Porous structure of 
1 with Connoly surfaces. (C) Connolly surfaces of channels L and S in 1. (D) 


Fig. 2. Coincident XRPD and 
sorption measurements of 
PCP 2. (A) Nz sorption isotherms 
at 120 K. (B) XRPD patterns mea- 
sured at each point (a to d) shown 
in the Nz sorption isotherms. The 
simulated pattern for the dried 
PCP 2 is shown at the bottom. (C) 
CO sorption isotherms at 120 K. 
Adsorption and desorption pro- 
files are shown in solid and open 
Circles, respectively. (D) XRPD pat- 
terns measured at each point 
(a to j) shown in the CO sorption 
isotherms. The simulated pat- 
terns for the dried PCP 2 and 
CO-adsorbed PCP 3 are shown at 
the bottom and top, respectively. 
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1 and 2 is completely reversible upon water in- sizes, and physicochemical properties (boiling 


points, critical temperatures, etc.) are quite sim- 


It is generally considered very difficult to ilar (table S1) (18). However, we deduced from 
distinguish and separate CO from N> in indus- _ the above-mentioned structural viewpoints that 
trial processes, because their electronic structures, PCP 2 would show a contrasting sorption be- 
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havior for each of these two gases. We studied 
the sorption behavior of CO and N, on PCP 2 
and its structural changes upon sorption by 
in situ x-ray powder diffraction (XRPD) and 
sorption coincident measurements (22) (Fig. 2). 
In the adsorption isotherm of Nz at 120 K 


Fig. 3. X-ray crystal structures of CO-adsorbed 
PCP 3. (A and B) Top and side views of CO- 
adsorbed channel S. (C and D) Top and side views 
of CO-adsorbed channel S$ with van der Waals sur- 
faces depicted in light blue. Atoms are colored as 
follows: Cu, green; C, gray; N, blue; O, red; H, 
white. Coordinated (gray and red) and noncoordi- 
nated (yellow) CO molecules are shown in a CPK 
model. In (D), part of the aryl moieties have been 
omitted for clarity. 


(Fig. 2A), the adsorbed amount of N> was grad- 
ually increased up to 71 ml [at standard tem- 
perature and pressure (STP)] g ' (0.85 molecules 
per Cu*’) at 80 kPa. In contrast, the adsorption 
isotherm of CO for PCP 2 at 120 K showed 
clear steps at ~5 kPa (c in Fig. 2C). At the 
first step, PCP 2 adsorbed 63 ml (STP) g ! of 
CO (0.76 molecules per Cu*'), then 112 ml 
(STP) g | of additional CO (1.34 molecules per 
Cu*') was adsorbed up to 80 kPa. The total 
adsorbed amount of CO [175 ml (STP) g | at 
80 kPa, 2.10 molecules per Cu?*] was much 
greater than that of N> [71 ml (STP) g ! at 
80 kPa]. 

The difference between the isotherms of N> 
and CO on PCP 2 is quite exceptional. Indeed, 
various porous materials—including a material 
with specific recognition sites, such as accessible 
metal sites (AMSs) {[Cu;(btc)2(H20)3], where btc 
is benezene-1,3,5-tricarboxylate (23); one of the 
most popular PCPs with AMSs}—show almost 
the same isotherms for both adsorbates (figs. S6 
to S8) (/8). The most notable features of CO 
sorption on PCP 2 are the very steep adsorption 
(c to f in Fig. 2C) and desorption (h to j in Fig. 
2C), which are indicative of highly cooperative 
sorption events. To examine the degree of co- 
operativity, we applied Hill model analysis for 
the CO sorption isotherm on PCP 2 (fig. S9) 
(8). The Hill model is used to evaluate the co- 
operativity in the binding of substrates to proteins, 
such as oxygen in hemoglobin (24). Surprising- 
ly, the Hill coefficient in the second step of the 
CO adsorption isotherm was estimated to be 20.3, 
indicating that PCP 2 adsorbs CO molecules in 
a highly positive cooperative manner, and CO 
binding accelerates further accommodation of 
CO molecules. 

During the N> adsorption process, we did not 
observe any appreciable positional changes in the 
peaks of the XRPD patterns, indicative of few 
structural changes (Fig. 2B). However, upon CO 


REPORTS [ 


adsorption and desorption, we noted pronounced 
changes in the XRPD patterns (Fig. 2D). Although 
the XRPD pattern of PCP 2 did not change mark- 
edly in the initial CO adsorption (points a to c in 
the isotherm), after point c, the original peaks of 
PCP 2 gradually diminished and new peaks ap- 
peared in the higher-angle region, indicative of 
structural contraction. These results show that the 
steep uptake after point c accompanied a struc- 
tural change. The XRPD pattern finally obtained 
at point g was similar to the profile obtained from 
the as-synthesized PCP 1 before desolvation. 
This profile change indicates that the dried PCP 2 
returned to a similar structure to that of PCP 1 
during the second step. Similarly, the XRPD pat- 
terns did not show any notable change up to 
point h in the desorption isotherm. Thereafter, 
clear structural changes occurred after point h, 
and the peaks finally appeared at similar posi- 
tions to those obtained from the dried PCP 2 
and, thus, were indicative of reversible sorption 
and structural change. 

No crystal structure of the Cu*'-CO complex 
has been reported so far. Previously, divalent Cu 
ion was not expected to form stable coordination 
bonds with CO molecules, because the interac- 
tion between Cu* and CO is usually very weak. 
Theoretical analyses also showed that the Cu*'— 
CO bond in a discrete complex is too weak to 
form a stable bond because of the small con- 
tribution of the x back-donation (see supplemen- 
tary materials). However, via Rietveld analysis 
with the synchrotron XRPD data of PCP 2 ina 
CO atmosphere (50 kPa) at 100 K, we success- 
fully obtained the crystal structure of PCP 3 con- 
taining a Cu’*-CO complex module (Fig. 3 and 
figs. S4 and S5) (/8). The connection between 
the paddle-wheel units through the oxygen atoms 
of the carboxylates was uncoupled by the coor- 
dination of CO molecules (fig. SSD) (/8). The 
coordination of CO induces a global structural 
change that creates a suitable compartment for 


Fig. 4. Infrared spectra of CO adsorbed on PCP 2 0.10 
at 81.7 K. The spectra were recorded upon increas- 
ing CO pressure (10 Pa; black, 30 Pa; red, 150 Pa; green, 
1 kPa; blue). The peak at 2168 cm™ can be assigned 
to the stretching vibration mode of CO interacting with 
Cu’* sites. Abs., absorbance (arbitrary unit). (Inset) CO 
adsorption isotherm measured at 81.7 K. The dashed 


vertical lines show the pressures at each measurement. 
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further accommodation of CO molecules in the 
center of channel S. The one CO molecule per 
three Cu’* ions (0.333 CO molecules per Cu’) is 
accommodated in the compartments and those 
CO molecules align in a 1D fashion in channel $ 
(Fig. 3). Thus, the total number of CO molecules 
adsorbed in channel S is calculated to be 1.333 per 
Cu**. We also found CO molecules in channel 
L (0.76 molecules per Cu"), which shows 
disorder in two positions with an occupancy of 
0.38 (fig. SSE) (78). 

The mechanism for the stepwise sorption of 
CO can be explained as follows (fig. S1 and 
movie S1) (/8): In the first step in the isotherm, 
CO molecules are physically adsorbed exclusive- 
ly in the larger channel Z without marked struc- 
tural change to the framework because of poor 
accessibility to the highly constricted channel 
S. After filling channel Z, CO molecules start to 
form a Cu’*—CO bond, inducing a global struc- 
tural transformation with the expansion of the 
squeezed paths. This expansion promotes addi- 
tional CO adsorption in the center of channel S, 
which is the so-called self-accelerating gas ad- 
sorption. The adsorption event in the channel S is 
reminiscent of hemoglobin efficiently trapping 
O, through allosteric effects. 

In situ infrared spectra, which were recorded 
from PCP 2 for various pressures of CO at- 
mosphere at 81.7 K, support the suggested 
mechanism that the structural transformation 
was induced by Cu’*—CO bond formation (Fig. 4). 
We assigned the peak that appeared at 2168 
cm | to the stretching vibration mode of CO 
interacting with Lewis acid metal sites (25, 26). 
In the spectra, although the characteristic vi- 
brational mode did not appear at the pressure 
below the flex point (0.03 kPa at 81.7 K), a 
clear increase in intensity of the peak was seen 
over the second-step pressure region, indicative 
of the formation of the Cu*'—CO bond. These 
results suggest that weak coordination of CO 
molecules on the Cu** sites induced the global 
structural change. From the theoretical calcula- 
tion, the adsorption energy for CO adsorption 
on a discrete paddle-wheel-type model com- 
plex was calculated to be —20.4 kJ mol | (exo- 
thermic process), which corresponds to a weak 
chemisorption. We also used adsorption data 
collected at 120, 130, and 140 K to evaluate the 
isosteric heat of CO adsorption, gg, for PCP 2 
from the Clausius-Clapeyron equation (fig. S10) 
(18). The gg was estimated to be -19 kJ mol! at 
87 ml (STP) g ' of CO adsorbed (= 1.0 mole- 
cules per Cu”’). 

We tested PCP 2 for its CO separation ability 
with various compositions of CO mixtures with 
N> (percent CO: 10 to 80%) (figs. S11 to $13) 
(18). While the dried PCP 2 was exposed to 
mixtures of CO and N, in 100 kPa, an equilib- 
rium state was achieved by gradually decreasing 
the temperature from 300 to 81.7 K, and the ad- 
sorbed gas ratios were examined by gas chro- 
matography analysis. For example, a surprising 
enrichment of CO of 85 and 94% was achieved 


after the first and second cycles starting from a 
1:1 mixture of CO and N>, respectively. Fur- 
thermore, PCP 2 has a much higher separation 
ability than various types of porous materials 
over a wide range of CO concentrations (fig. 
S14) (/8). In the adsorption events of CO-N> 
mixtures in PCP 2, it might be possible that N> 
molecules were also incorporated in the center 
of channel S instead of CO. However, the 1D 
small channel S of PCP 2 with an open-close 
system can enhance the selectivity by the fol- 
lowing kinetic mechanism (fig. $19) (78): Be- 
cause of the size restriction, neither CO nor N3 
molecule can diffuse into the channel S with- 
out expansion of the narrow path. CO can ex- 
pand the path when it breaks a coordination 
bond between Cu and O atoms (from carbox- 
ylates) and forms a coordination bond with 
Cu, realizing the diffusion of CO into the chan- 
nel. However, N2 cannot expand the path be- 
cause of extremely weak coordination ability. 
In addition, even after the expansion of nar- 
row path by CO, N> cannot diffuse into the 
channel because the path is surrounded by the 
coordinated three CO molecules that sterically 
refuse the access of N> (Fig. 1G and fig. S17) 
(18). Thermodynamic preference of CO in- 
clusion in channel S might also contribute to 
the effective separation. The results of first- 
principles calculations indicated that N> inclu- 
sion in channel S is less favorable. Regardless of 
CO or N> in channel Z, full occupation of channel 
S with CO is much more favorable than that with 
N>. For example, when the N. molecules are 
introduced in the center of channel S instead of 
CO, the adsorbed phase becomes unstable in the 
total binding energy (entries | and 8 in table S7) 
(18). 

Our material is potentially applicable to 
processes enabling the separation of CO from 
mixtures with N>, a gas that is the most com- 
petitive to CO, with a low-energy requirement. 
However, it may be necessary to use this pro- 
cess in combination with a precleanup of the 
exhaust gases to remove contaminants (such 
as water) that have a stronger coordinative af- 
finity toward Cu’ than CO. We believe that the 
concept of self-accelerating sorption in a soft 
nanoporous crystal (27, 28) will not only lead 
to a new approach for the separation and 
storage of valuable gases without consuming 
large amounts of energy, but will also open up a 
new field of study intersecting with both crys- 
talline porous materials and soft cooperative 
biomolecules. 
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Transient Water Vapor at Europa's 
South Pole 


Lorenz Roth,”’2*+ Joachim Saur,”t Kurt D. Retherford,* Darrell F. Strobel,?* Paul D. Feldman,* 
Melissa A. McGrath,® Francis Nimmo° 


In November and December 2012, the Hubble Space Telescope (HST) imaged Europa’s ultraviolet 
emissions in the search for vapor plume activity. We report statistically significant coincident 
surpluses of hydrogen Lyman-o and oxygen OI 130.4-nanometer emissions above the southern 
hemisphere in December 2012. These emissions were persistently found in the same area over the 
7 hours of the observation, suggesting atmospheric inhomogeneity; they are consistent with 

two 200-km-high plumes of water vapor with line-of-sight column densities of about 10° per 
square meter. Nondetection in November 2012 and in previous HST images from 1999 suggests 
varying plume activity that might depend on changing surface stresses based on Europa’s 

orbital phases. The plume was present when Europa was near apocenter and was not detected close 
to its pericenter, in agreement with tidal modeling predictions. 


suggests the existence of a layer of liquid 

water under the icy crust (/, 2), which has 
been confirmed independently by magnetometer 
measurements (3). Despite signs of active resur- 
facing in chaos terrains (4) and the existence of a 
subsurface ocean, current geologic activity has not 
been observed directly in Voyager and Galileo 
observations (2, 5, 6) or in any other data. Europa 
also possesses a tenuous atmosphere generated 
by sputtering and radiolysis (7—9) that was de- 
tected in 1995 through Hubble Space Telescope 
(HST) ultraviolet (UV) observations of O emis- 
sions at 130.4 nm and 135.6 nm (/0, //). Spatial- 
ly revolved images of these atmospheric emissions 
obtained by the HST Space Telescope Imaging 
Spectrograph (STIS) revealed an irregular emis- 
sion pattern at the two O multiplets, which origin- 
ates from an inhomogeneous neutral gas abundance 
across the surface (/2, /3) or Europa’s highly 
variable plasma environment, or both. An en- 
hanced emission near 90°W longitude detected 
by the HST Advanced Camera for Surveys 
(ACS) was associated with a possible existence 
of plumes in a region where high shear stresses 


Fe exceptional surface morphology 
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are expected, but an unambiguous correlation 
was not possible because of low data quality (/4). 

We report STIS spectral images of Europa’s 
trailing/anti-jovian hemisphere and leading hem- 
isphere obtained in November and December 
2012, respectively. Previous observations, in 1999, 
targeted Europa’s trailing hemisphere (Table 1). 
The observations in 2012 were timed to coincide 
with the maximum variation of Jupiter’s magnet- 
ic field orientation at Europa. With this config- 
uration, spatially inhomogeneous yet time-variable 
emissions originating from the periodically changing 
magnetospheric conditions can be separated from 
time-stationary emission inhomogeneities due to 
atmospheric anomalies. 

After correction of the images for instrumental 
and background noise (/5), the remaining emission 
sources are solar reflectance from Europa’s sur- 
face, solar resonance scattering by atmospheric H 
and O atoms (negligible for OI 135.6 nm), and 
electron impact (dissociative) excitation of atmo- 
spheric species, such as O, O, and HO. To sub- 
tract the light reflected from the surface, we 
generated model spectral images by convolving 
normalized inverted visible images with a solar 
UV spectrum (/5). Whereas the surface reflectance— 
corrected Lyman-o. brightness is mostly consistent 
with a zero signal for the 1999 and November 2012 
observations, a pronounced 400- to 600-rayleigh 
(R) (6) region is found above the limb near the 
south pole in the residual Lyman-o emission in 
the December 2012 image (Fig. 11). 

The residual atmospheric O emissions at 
130.4 and 135.6 nm, in contrast, cover most of 
Europa’s disk (Fig. 1, J to O). The 135.6/130.4 


Table 1. HST/STIS G140L observations of Europa’s UV emissions. 
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ratios of 1.6 + 0.1 (both 1999 and November 2012) 
and 2.1 + 0.2 (December 2012) are consistent with 
previous measurements and an O, atmosphere 
with a low mixing ratio of O (0, 17). The O aurora 
morphologies underwent considerable variations 
during the ~7 hours of all observations (Fig. 2 and 
figs. S1 and $2). Bright OI 135.6-nm patches are 
found close to the poles, which appear to rock toward. 
and away from Jupiter in correlation with the vary- 
ing magnetic field orientation at Europa. The OI 
130.4-nm aurora pattern roughly resembles the 
OI 135.6-nm pattern (I and N in figs. S1 and S82, 
respectively), as expected if both OI multiplets 
originate from electron-impact—dissociated O,. Ap- 
parent deviations of the OI 130.4-nm morphology 
from the OI 135.6 emission can be attributed in part 
to the inhomogeneity of the higher surface reflec- 
tance at 130.4 nm. This becomes most apparent 
in the combined images (Fig. 1, J to L), because 
the time-variable atmospheric contributions are 
smoothed through the superposition. The gen- 
erally patchy OI 130.4-nm morphology is addi- 
tionally affected by the low signal-to-noise ratio 
(SNR) of the 130.4-nm emission (/5). 

We focus our analysis on the emission above the 
limb of Europa, which is only marginally influ- 
enced by the surface reflectance due to instrument- 
scattered light from the on-disk features. Above 
the south polar limb in the December 2012 com- 
posite images, an OI 130.4-nm enhancement of 
similar appearance was found in the same region 
as the Lyman-o, enhancement (compare Fig. 1, I and 
L). Detectable Lyman-a and OI 130.4-nm emis- 
sions were persistently found above the southem 
anti-jovian limb during all five HST orbits of the 
December 2012 observations (Fig. 2, A to J). Bright 
OI 135.6-nm emissions across the entire south polar 
region shifted from the sub-jovian to the anti-jovian 
hemisphere between the first and last orbits (Fig. 2, 
K to O). A persistent or significant above-limb OI 
135.6-nm emission surplus was not detected. 

In a next step, we subdivided the region be- 
tween 1 Rp (Europa radius, 1561 km) and 1.25 Rg 
(corresponding to an above-limb altitude of 
390 km) into 18 bins spanning angles of 20° 
around the disk of Europa in all images (Fig. 3). 
The December 2012 Lyman-o image brightnesses 
of all pixels in limb bins 12 and 13 are 420 + 136R 
and 604 + 140 R, which exceed the faint average 
limb emission of 46 R (outside the anomaly) by 
2.8 and 4.0 times the propagated uncertainty (0), 
respectively. The OI 130.4 emission of 59 + 18 R 
in bin 13 is also significantly (2.40) higher than 
the average limb emission of 16 R, and bin 12 


Observation start HST orbits/ etal apatist Sub-observer System III Mag. lat. True anomaly Water vapor 
date and time exposures expHme beaten W long. (°) longitude (°) range (°) f() detected 
(min) (km/pixel) 
5 Oct. 1999 8:39* 5/9 156 71.5 245-274 300-158 -9.5 to 6.8 343-13 No 
8 Nov. 2012 20:41} 5/10 183 73.9 209-238 25-243 —9.3 to 9.5 289-318 No 
30 Dec. 2012 18:49+ 5/9 164 74.9 79-108 0-218 -9.5 to 9.5 185-218 Yes 
*P| M. A. McGrath. TPI J. Saur. 
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shows a slight enhancement (35 + 17 R). At both 
lines, the emission anomaly appears to have two 
individual peaks in bins 12 and 13, which cannot, 
however, be clearly separated within the measure- 
ment uncertainties. No significant emission surplus 
is found in either of the bins at 135.6 nm (Fig. 3E). 
In 1999 and November 2012, all of the Lyman-o 
bins are consistent with zero signal within 20 (/7). 

Detectable Lyman-o emission is not expected 
for the generally assumed abundance of H-bearing 
molecules (<10'’ m *) in the global sputtered 
atmosphere (7-9). Lyman-o emission from a 
global atomic H corona that is not gravitationally 
bound as observed at Ganymede (/8) would be 
isotropic. Lyman-a solar resonant scattering on 
atomic H also would require optically thick col- 
umns (>10'7 m ”) to produce brightnesses >400 R 
and can be excluded. In contrast, H2O freezes 
(79), and any enhancement must be localized to 
its source. In addition, electron impact on HO 
(e + H,0) yields HI 121.6 nm and OI 130.4 nm, 
but has a lower cross section at 135.6 nm (20). 
Hence, the emission surplus at HI 121.6 nm and 
OI 130.4 nm in an area, where no remarkable 
enhancement of OI 135.6 nm is found, suggests a 
local atmospheric H,O enhancement. 

We derived average HO and O; column den- 
sities using measured cross sections for electron- 
impact dissociative excitation and the standard 
plasma parameters for Europa (/5). Neglecting 
presumably small contributions from e + O or 
e + H,0O, the observed OI 135.6-nm brightness of 
bin 13 requires a line-of-sight O, column of ~5 x 
10° m~*. The Lyman-a brightness in bin 13 
implies an optically thin H,O column density of 
1.5 x 107° m ~. In this case, excitation of O, and 
HO would contribute 27 and 29 R, respectively, 
to the OI 130.4-nm emission, which is consistent 
with the measured brightness of 59 + 18 R in bin 
13. Thus, the Lyman-o/OI 130.4-nm/OI 135.6-nm 
ratios are diagnostic of e + HO in an approach 
similar to the average OI 135.6-nm/OI 130.4-nm 
ratio being diagnostic of e + Oy (10, 11). 

We generated model images for two three- 
dimensional plume distributions, taking into account 
H,O continuum absorption and resonant scattering. 
We started by generating a standard model for an 
average background atmosphere by adjusting the 
density of an exponentially decreasing O, atmo- 
sphere with low O and H,O mixing ratios (/5) to 
the observed OI 135.6-nm limb brightness for all 
observations (Fig. 3, E and F, dotted gray line). The 
fitted vertical O2 column density of No2 = 3.5 
10'* m ? agrees well with the observed OI 130.4 
limb brightness and is consistent with previous 
results (7-17, 21). Deviations from the model in 
several bins for both O aurora lines are probably 
attributable to the variable plasma environment. 

We then generated model images with two 
local H,O plumes (/5). We adjusted the plume 
height of 200 km and the latitudinal expansion of 
10° (or ~270 km on the surface) to the observed 
spatial profile of the Lyman-o emissions. The 
implemented density profile resembles an inter- 
mediate case between Io’s shock-dominated Pele- 


type plumes (22) and the low-gravity outgassing 
of the Enceladus plumes (23). Because the sur- 
face source locations cannot be determined from 
the images, the plumes were arbitrarily centered 
on the anti-jovian meridian (180°W) and in the 
center of bins 12 and 13 at 55° and 75°S, respec- 
tively. The densities of the plumes were fit to the 
observed Lyman-a bin brightness, yielding total 
contents of 4.9 x 10°! and 8.2 x 10°! H,O mol- 
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ecules for the plumes at 55° and 75°S, respectively. 
The combined plume content is one to two orders 
of magnitude higher than the H,O abundance in 
global atmosphere models without plumes (7—9). 
The derived H2O plume densities independently 
match the observed OI 130.4-nm emission 
surplus, if resonant scattering and electron impact 
on O with an estimated mixing ratio of O/H,O 
~ 0.2% are taken into account (/5). 
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Fig. 1. Visible images of the observed hemispheres (A to C) with sub-observer longitudes listed and 
combined STIS images of the H and O emissions (D to O) (Table 1). The Lyman-c. morphology [(D) to (F)] 
reveals an anticorrelation with the brightness in the visible (15). (G) to (0) Same Lyman-c: images and OI 130.4-nm 
and OI 135.6-nm images with solar disk reflectance subtracted. 3 x 3 pixels are binned, and the STIS images are 
smoothed to enhance the visibility of the significant features. The dotted light blue circles indicate the multiplet 
lines (25). The color scale is normalized to the respective brightness, and the scale maximum (corresponding to 1.0 
on the scale) is listed in each image. Oversaturated pixels with intensities above maximum are white. The contours 
show SNR ratios of the binned pixels [and contours for SNR = 1 are omitted here in (D) to (F) and (M) to (O)]. 
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Fig. 2. Individual STIS images of the five HST orbits from December 
2012. Lyman-o. emissions before disk-reflectance subtraction (A to E) and 
reflectance-subtracted Lyman-a. and O emissions (F to T). The persistent plume 
emission is highlighted by the dashed red circles. Sub-observer longitude dps, 


Rayleigh 


Rayleigh 
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jovian system III longitude ,,, magnetic latitude y,,, and projected magnetic 
field line B are listed at the bottom of the figure. The leading meridian (90°W) 
is shown by a dashed white line, and the equator shown by a solid white line. 
Other details are as in Fig. 1. 
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Fig. 3. Comparison of December 2012 observations and atmosphere 
plume model results. (A to D) Lyman-o and OI 130.4-nm STIS images 
(as in Fig. 1) and model aurora images from a global atmosphere with 
two H20 plumes. The south polar above-limb emission is found in bins 12 
and 13 (vertical shaded bar) of the 18 20° bins illustrated by the dotted 
yellow lines. The patchiness of the 130.4-nm on-disk emissions might 
originate from surface reflectance or atmospheric or plasma inhomoge- 
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Limb bin # Altitude [km] 
neities, but it is also consistent with statistically expected variations across 
a uniform disk (75). (E) Measured (solid black line) and modeled (dotted 
lines) brightnesses of each 20°-wide limb bin around Europa’s disk. The 
best-fit plume model atmosphere is shown in red, and plume densities 
decreased by a factor 2 and 3 are shown in blue and green, respectively. 
(F) Radial profiles of measured and modeled brightness versus altitude in 
bins 12 + 13. 
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The model reasonably reproduces the Lyman-o. 
plume morphology and brightness decrease with 
altitude (Fig. 3). At low altitudes (<<100 km), the 
measured brightness decreases for both the Lyman-o: 
and OI 130.4-nm emission. Because bright OI 
135.6-nm emission is also detected up to altitudes 
of 200 km, the OI 130.4-nm profile might be best 
explained by a peak in O abundance at higher al- 
titudes. Also, the derived plume height of 200 km 
is higher than expected from model results (24) and 
would require large supersonic eruption veloc- 
ities of ~700 m/s. However, interpretation of the 
derived height and radial profile requires caution 
because of the systematic uncertainties of the disk 
location by one or two pixels or ~100 km. More- 
over, a local density enhancement within a smooth 
global atmosphere would substantially alter the 
plasma environment, which in turn modifies the 
aurora morphology and brightness (25). 

The high plume velocities and relatively low 
number densities we inferred are consistent with 
vapor emission from narrow fractures (/5), as 
occurs at Enceladus (23, 26). The surface area of 
Europa’s fractures is too small to produce a ther- 
mal anomaly detectable by the Galileo Photo- 
polarimeter-Radiometer instrument (27). Plume 
fallback could produce terrain softening in the 
near-polar regions, which might be detectable in 
suitable high-resolution images (/5). 

The modeled Lyman-a limb brightnesses for 
the 1999 and November 2012 geometries are not 
consistent with persistent plumes. Also, no striking 
surplus of OI 130.4-nm emission was detected. The 
model indicates that the plumes were less dense 
by at least a factor of 2 and 3 during the 1999 
and November 2012 observations, respectively, 


if present (fig. S3). Thus, the plume activity ap- 
pears to undergo considerable variability. 
Recently, the plumes at Enceladus’ south pole 
have been shown to be more active near the 
apocenter than at the pericenter (28). Similar tidal 
stress variability for Europa is expected to open 
and close its Linea features [fig. S4 (/5)]. Europa 
was very close to its apocenter during the De- 
cember 2012 observations and was shortly before 
and at the pericenter during the 1999 and No- 
vember 2012 observations (Table 1). This causal 
relationship might explain the observed varia- 
bility and the lack of detections in 1999 and 
November 2012. The plume variability, if real, 
verifies a key prediction of tidal-flexing models 
based on the existence of a subsurface ocean. 
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Strong Sensitivity of Pine Island Ice-Shelf 
Melting to Climatic Variability 


Pierre Dutrieux,?* Jan De Rydt,? Adrian Jenkins,” Paul R. Holland, Ho Kyung Ha,” 
Sang Hoon Lee,’ Eric J. Steig,? Qinghua Ding, E. Povl Abrahamsen,” Michael Schréder* 


Pine Island Glacier has thinned and accelerated over recent decades, significantly contributing to global 
sea-level rise. Increased oceanic melting of its ice shelf is thought to have triggered those changes. 
Observations and numerical modeling reveal large fluctuations in the ocean heat available in the adjacent 
bay and enhanced sensitivity of ice-shelf melting to water temperatures at intermediate depth, as a seabed 
ridge blocks the deepest and warmest waters from reaching the thickest ice. Oceanic melting decreased 

by 50% between January 2010 and 2012, with ocean conditions in 2012 partly attributable to atmospheric 
forcing associated with a strong La Nifa event. Both atmospheric variability and local ice shelf and seabed 
geometry play fundamental roles in determining the response of the Antarctic Ice Sheet to climate. 


ustral summer observations in the 

Amundsen Sea, West Antarctica, show 

that lightly modified, warm (0.5° to 
1.2°C) and saline (>34.6) Circumpolar Deep 
Water (CDW), 2° to 4°C above the in situ freezing 
point, pervades a network of glacially scoured 
seabed troughs (/) (Fig. 1A). The CDW reaches 
nearby Antarctic glaciers and delivers heat to 
the base of their 200- to 1000-m-thick ice shelves 
(2-4). It is overlain by a 200- to 300-m-thick layer 


of cold (-1.5°C) and fresh (salinity <34.4) Winter 
Water (WW, Fig. 2A) that is seasonally replen- 
ished by interaction with the atmosphere and 
sea ice. 

Pine Island Glacier (PIG), a major outlet 
glacier feeding one such ice shelf, has shown 
apparently continuous thinning (5, 6) and inter- 
mittent acceleration (7—9) from 1973 to 2009. 
During this period, its ice shelf has also thinned 
(6, 10-12), and the reduction in buttressing driven 


by oceanic melting is believed to be responsible 
for the changes inland. Earlier analysis indicated 
that a higher CDW volume and temperature in 
Pine Island Bay (PIB) in January 2009 caused an 
increase in ice-shelf melting and in the associated 
meltwater-driven circulation, relative to 1994 (2). 
The lack of subannual variability in CDW tem- 
perature during 1-year-long measurement in PIB 
(/) and the long-term correlation between the 
oceanic melting and the mass loss required to 
sustain thinning of the ice shelf gave the im- 
pression that the ice-ocean system had shown 
progressive change over the last two decades. 
This is consistent with a positive geometrical 
feedback, with oceanic melt enlarging the cavity 
under the ice shelf, allowing stronger circulation 
and further melting. 

However, such ice-ocean systems are likely 
to be more complex. The glacier’s rapid change 
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over the last few decades was probably triggered 
by its ungrounding from the top ofa seabed ridge 
transverse to the ice flow at some time before the 
1970s (4). Subsequent migration of the glacier’s 
grounding line (/3) down the seabed slope up- 
stream from the ridge crest was probably an in- 
evitable response (/4), which had a major impact 
on cavity geometry, but projections of future evo- 
lution remain unclear (/5—/7). In this context, 
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climate-driven variability of the delivery of heat 
to the ice-sheet margin may be important (/8). To 
understand the relative roles of glacier dynamics 
and climate variability in driving past, present, 
and future glacier evolution requires knowledge 
of the spatial (79, 20) (Fig. 1C) and temporal var- 
iability of ocean-driven melting. 

Ocean simulations with a varying degree 
of horizontal resolution and using poorly con- 
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strained seabed and ice geometry produce a broad 
spectrum of variability in CDW volume in PIB 
(21) and oceanic melt of PIG (22). Some studies 
suggest that basal melt is sensitive to the strength 
of the circulation in the Amundsen Sea (22). 
Others associate its variability with changing 
wind-driven inflow of warm CDW at the con- 
tinental shelf edge and temperature variability 
at the calving front of the glacier (2/, 23) influ- 


Fig. 1. Temperature maxi- 
mum, seabed elevation, and 
selected observation locations 
in the Amundsen Sea. (A) Max- 
imum subsurface temperature 
deduced from a climatology of 
observations taken between 1994 
and 2012 (supplementary mate- 
rials), Black, gray, and white con- 
tours indicate seabed elevations 
(33) of —1000, —500, and 400 m, 
respectively. The dashed black 
box shows the area in (B). (B) 
Detailed bathymetry on the east- 
ern Amundsen Sea continental 
shelf. The white line shows —750-m 
seabed elevation. Color-coded 
dots (squares) show ocean sta- 
tion positions used in Fig. 2 


(Fig. 3, A and B). The dashed black box shows the area in (C). The PIG ice shelf has been 
removed to show the seabed elevation beneath (supplementary materials). (C) The 2009 
coastline and ice-shelf grounding line (9) are indicated by the black line. The yellow line 
shows the position of the grounding line in 1996 (7). Color-coded squares indicate ocean 
stations used to compute PIG ice shelf melt budgets. Simulated freshwater flux into the 
ocean (color) for 2009 boundary conditions. 
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temperature-salinity space, with the 


surface freezing line indicated in dashed blue, the 2009 CDW-glacial-ice melt 
line in dashed red, and the 2009 CDW-WW mixing line in dashed black. Black- 
dotted contours of potential density anomaly are also shown, with the isopycnals 
corresponding to the 2009 ice-front draft and seabed ridge crest indicated in 
dotted gray. (B) Mean 2012 offset from other years in potential temperature 
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(continuous) and meltwater concentration (dashed) for all other observed sum- 
mers [color-coded as in (A)]. The difference is computed in density-space and 
then plotted in pressure-space using the mean 2009 stratification. (C) Same 
as (A), but for the near-shelf edge area to the east (see Fig. 1B). (D) Same as 
(A), but for the near-shelf edge area to the west (see Fig. 1B). 
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enced by far-field forcing of the atmospheric 
circulation (/8). All these ocean-atmosphere 
sensitivities are linked dynamically, but a clear 
consensus on the most important driver of melt 
variability is lacking. 

Hydrographic observations made in January 
2012 in the eastern Amundsen Sea complement 
previous surveys from 1994, 2000, 2007, 2009 
(2), and 2010 (24) (Fig. 1B) and offer a new per- 
spective. Indeed, though near-bottom 2012 CDW 
temperatures of 1.2°C are very similar to the 
warmest records (2007, 2009, and 2010), the 
available heat reaching the PIG calving front is 
significantly reduced. The top of the thermo- 
cline (the depth at which temperature first in- 
creases sharply with increasing depth) is about 
250 m deeper compared with that of any other 
year for which measurements exist (Figs. 2A 
and 3, A and B). Furthermore, the 2012 ther- 
mocline is sharpened such that the temperature 
increases from —0.8° to 0.8°C over only 180 m, 
compared with 250 to 350 m for other summers 
(Fig. 2A). 

The temperature change occurring between 
2010 and 2012 is largely associated with a sa- 
linity change, implying either that anomalies in 
the regional surface buoyancy or wind forcing 
cooled the upper thermocline through diapycnal 
exchanges (25) or that remote modifications in 
the atmosphere-ocean system led to decreased 
isopycnal advection of CDW from the continen- 
tal shelf edge (2/), or both. Thermocline depth 
changes in PIB are generally expected to occur at 
intraseasonal to interannual time scales (2/, 22), 
but the few synoptic summer observations avail- 
able do not allow assessment of the origin, mag- 


Fig. 3. Observed and simu- 
lated hydrography and circu- 
lation in 2009 and 2012. (A) 
Section of observed and simulated 
2009 potential temperatures 
(color) and salinity (black contours) 
along the eastern Amundsen Sea 
trough and underneath the PIG 
ice shelf. White lines show the 
surface-referenced 27.47 and 
27.75 isopycnals. The panel shows 
observations outside the PIG cav- 
ity, and simulation results within 
it. Observations are linearly in- 
terpolated from profiles (black 
triangles) indicated in Fig. 1B. (B) 
Same as (A) but for the 2012 ob- 
servations and simulation. (C) 
Modeled potential temperature 
(color) and velocity (black vectors; 
every fifth vector is shown) aver- 
aged within 50 m of the seabed 
for the 2009 simulation. White 
vectors show the corresponding 


nitude, frequency, or duration of such variability. 
Hydrographic profiles taken at the continental 
shelf edge in the troughs leading to PIB (Fig. 2, C 
and D) show that the western trough has a deeper 
and more variable thermocline than the eastern 
trough, consistent with the warmest inflows being 
found in the east (Fig. 1A), but heavy sea ice 
prevented sampling in the eastern trough in 2012. 

Another observation is that a temperature de- 
crease of 0.4° to 1°C occurred in 2012 at the 
location of previously identified meltwater outflows 
(2) (around 400-m depth, Fig. 2B), and this must 
be associated with changes in the ice shelf—ocean 


interaction. Derived ice-shelf meltwater con- 
centrations (see supplementary materials) were 
30 to 50% lower at these locations than during 
previous warm summers, and a weaker secondary 
meltwater maximum developed at around 600-m 
depth (Fig. 2B and fig. S3). The reduced melt- 
water concentration is identifiable in temperature- 
salinity space (Fig. 2A, inset), where previous 
warm summer observations depart far less from 
a two-component mixture of CDW and melt- 
water. Geostrophic budgets of dissolved oxy- 
gen, temperature, and salinity at the ice front 
(26) show that meltwater production dropped 


Table 1. Balanced-transport estimates. For each set of observations, transports are estimated by 
balancing geostrophic fluxes of temperature, salinity, and dissolved oxygen budgets at the calving front of 
the ice shelf (see supplementary materials), allowing for a barotropic adjustment of the geostrophic 
velocity profiles (last column). Seawater transport into the cavity (“In”) and net transport out of the cavity 
(“Diff", positive outward) are given in mSv (1 mSv = 10? m? s-?) and in equivalent of ice (Iceq), using a 
water density of 1030 kg m~ and an ice density of 920 kg m-°. Meltwater transports are also shown, 
using the calculated meltwater fraction and balanced geostrophic velocity. Both transports do not depart 
significantly from each other, providing a consistency check. The 2007 observations were taken farther 
away from the ice front and thus are reflective of the entire ice shelf (27), whereas other years probably 
represent only the fast-flowing southern part of the ice shelf (see supplementary materials). Transport 


150 


estimates are typically subject to a methodological uncertainty of about 10% (2). 


Year Seawater transport Meltwater transport Maximum (mean) correction 
mSv km? year~* (Iceq) km? year~* (Iceq) cm s+ 
In Diff Diff Diff 
1994-245 1.45 51.3 36.4 49.1 2.8 (2.1) 
2007. -355 3.13 110.6 —61.3 107.3 2.6 (0.8) 
2009 -401 2.26 79.7 —36.8 79.4 2.4 (1.4) 
2010 -401 2.13 75.2 —43.4 69.2 2.8 (2.1) 
2012-357 1.06 37.3 -71 34.7 1.6 (1.3) 


100 50 


velocity observed by Autosub 
(binned on the model grid, see 


also fig. S2A). The cyan line indicates the position of the section used in (A) and (B). The white line indicates 750-m seabed depth. (D) Same as (C), but for 
the difference between the 2012 and the 2009 simulations. 
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from ~80 km? year | in 2009 (2) and 2010 (24) 
to 37 km? year | in 2012 (Table 1), assuming that 
synoptic sections are representative of a short- 
term balanced state. This amounts to a 53% de- 
crease in meltwater production, making the basal 
melting of PIG in summer 2012 the lowest on 
record, even below that estimated in 1994, when 
the warmest, deepest waters were ~0.2°C cooler 
at the glacier front. 

To clarify links between ocean and basal melt 
variability, we use a state-of-the-art regional 
ocean—ice shelf model at 400-m resolution with 
the latest ice and seabed geometry (see supple- 
mentary materials). When 2009 hydrographic 
conditions are imposed at its lateral boundaries 
(Fig. 3A), the model reproduces the main ocean- 
ographic features observed under the ice shelf 
by an autonomous submarine (4). The ocean 
circulation and water properties are divided in 
two by the ridge (Fig. 3, A and C). Offshore of 
the ridge, warm CDW circulates cyclonically 
after entering the cavity from the north, and then 
meanders back toward the ridge. Only the upper 
part of the CDW can flow over the ridge and 
reach the ice-shelf grounding line. This CDW 
melts the ice, creating a colder, fresher, buoyant 
meltwater plume that rises along the ice-shelf 
base (Fig. 3A). The vorticity created by this pro- 


Fig. 4. Exceptional forcing be- 
fore the 2012 anomaly. (A) 6H- 
Monthly-mean 10-m-height zonal 
wind velocity (34) (black) and its 
running integral over the preceding 2 


the area indicated by the black- 
dotted box in (B). Shaded areas 
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cess and the cavity geometry impose a vigorous 
cyclonic circulation on the inshore side of the 
ridge, with near-seabed velocity reaching 0.2 ms ' 
(Fig. 3C). The boundary between the inner and 
outer cavities is therefore marked by a dynamical 
front, further emphasizing (2, 4) the crucial role 
played by the ridge in controlling the ocean cir- 
culation and its interaction with the ice shelf. 
For 2009, the model simulates reasonable basal 
melt patterns (Fig. 1C) compared with obser- 
vations (19, 20), producing 105 km? year ' of 
meltwater over the entire ice shelf (27, 28) and 
86 km? year | over its more commonly quoted 
fast-flowing southern part (2, 19, 24) (see also 
supplementary materials). 

In sensitivity experiments, 1994 and 2012 
hydrographic conditions were imposed at the 
lateral boundaries while all other features (in- 
cluding ice geometry) were kept the same. For 
2012, the simulated cooling of the sub-ice cav- 
ity and diminished basal melting are consistent 
with the observed decrease in meltwater produc- 
tion. The lowered thermocline in 2012 reduces 
the amount of heat flowing over the ridge and 
cools the water that reaches the grounding line 
by 0.3°C (Fig. 3B). In turn, melting is less pro- 
nounced and the buoyancy-driven circulation is 
concurrently decreased, particularly in the inner 
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indicate 1 SD around the mean 60 
for each. The green line shows the 
sea-surface temperature monthly 
anomaly in the Nino 3.4 area. 
Dates of ocean observations are 
indicated by colored vertical lines. 
(B) 2011 annual mean of anom- 
alies in surface wind (vector) and 
wind-stress curl (color) with re- 
spect to the 1979-2011 monthly 
climatology of each. (C) 2011 an- 
nual mean of anomalies in atmo- 
spheric geopotential height at 
200 hPa (color) and sea surface 
zonal wind (contour) with respect 
to the 1979-2011 monthly clima- 
tology. White (black) contour are 
negative (positive), with 1 ms * 
interval. The white and magen- 
ta boxes indicate the area de- 
picted in (B) and the Nifo 3.4 area, 
respectively. 
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cavity (Fig. 3D). Overall, the model estimates a 
31 to 38% decrease in meltwater flux from the ice 
shelf in response to the cooling at its boundaries 
(table S1). For 1994, when deepest waters are 
cooler than in 2012 but mid-depth waters are 
warmer, the model estimates only an 8 to 10% 
decrease in melting. These simulations neglect 
surface forcing and are limited by the imperfect 
seabed and constant ice geometry, which may 
explain the smaller reduction in melting than that 
observed. However, the model confirms the large 
sensitivity of the present ice-ocean system to the 
depth of the thermocline relative to the ridge that 
is implied by the observations. The inability of 
the simulation to proportionally reproduce the 
1994 melting level also suggests the importance 
of unresolved changes in cavity geometry be- 
tween 1994 and 2009 (/3). 

If prolonged, the ocean conditions observed 
in January 2012 would have profound implica- 
tions for the PIG ice shelf. Continuation of a deep 
thermocline would reverse the current ice-shelf 
thinning (as ice advection overcompensates the 
weakened basal melt), potentially permitting a 
readvance of the grounding line. However, con- 
ditions in the months leading up to the 2012 ob- 
servations were unusual (see also supplementary 
materials). Most of 2011 was marked by strong 
easterly wind anomalies over the Amundsen Sea 
(Fig. 4, A and B), weakening the typically cy- 
clonic wind stress curl over the continental shelf 
(Fig. 4B) and curtailing the westerlies north of 
the shelf edge that are thought to enhance on- 
shore CDW transport (2/). Integrated over the 
preceding year, the zonal wind north of the con- 
tinental shelf even reversed to easterly in 2011 
(red line in Fig. 4B), an occurrence that is unique 
in the reanalysis wind record dating back to 1979. 
Such conditions potentially decreased the flux 
of CDW onto the continental shelf and enhanced 
coastal downwelling, creating the 2012 thermo- 
haline configuration with a relatively thin CDW 
layer in PIB. 

The wind variability over the Amundsen Sea 
has both local and remote origins. In particular, 
convective anomalies in the equatorial Pacific 
troposphere are known to radiate an atmospheric 
wave train toward the area (29), affecting winds 
at the continental shelf edge. The strong easterly 
anomaly in January 2012 can be attributed to ex- 
ceptionally weak convection in the western trop- 
ical Pacific associated with a major La Nina 
event developing in late 2011 (Fig. 4C). The 
relevance of remote forcing from the tropical 
Pacific is illustrated by the statistically signif- 
icant correlation (0.48) between the Nifio 3.4 sea- 
surface temperature (SST) anomaly and the zonal 
wind over the continental shelf edge (Fig. 4A, 
see also supplementary materials). Although 
other factors affect the thermohaline structure 
in PIB, such as eddy variability at the shelf edge 
(30), coastal downwelling (/), and buoyancy forcing 
(25, 26, 31), the conjunction of the January 2012 
ocean conditions and the atmospheric anomalies 
in the preceding months confirms the important 
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role of tropical forcing in determining the var- 
iability of melt rates under the PIG ice shelf (/8). 

Neighboring ice shelves closer to the con- 
tinental shelf edge and exposed to greater ocean 
variability are naturally prone to a larger varia- 
bility in melting (32). However, the presence of 
the ridge in front of the grounding line of PIG 
enhances its sensitivity to changes in oceanic 
and climatic forcing. Specifically, the blocking 
effect of the ridge makes the vertical distribution 
of heat a key element of the melting response. 
This study therefore stresses the importance of 
both local geometry and climate variability in 
determining ice-shelf melting. With the added 
realization that this melting varies appreciably 
over kilometer scales (/9, 20) and that oceanic 
variability is expected on intraseasonal to inter- 
annual time scales, it is clear that progress in the 
understanding and prediction of ice-sheet con- 
tributions to sea-level rise requires observations 
and models that capture a wide range of spatial 
and temporal scales. 
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A Spatial Accommodation by 
Neighboring Cells Is Required for 
Organ Initiation in Arabidopsis 


Joop E. M. Vermeer,’* Daniel von Wangenheim,”? Marie Barberon,* Yuree Lee,* 
Ernst H. K. Stelzer,” Alexis Maizel,? Niko Geldner?* 


Lateral root formation in plants can be studied as the process of interaction between chemical 
signals and physical forces during development. Lateral root primordia grow through overlying 
cell layers that must accommodate this incursion. Here, we analyze responses of the endodermis, 
the immediate neighbor to an initiating lateral root. Endodermal cells overlying lateral root 
primordia lose volume, change shape, and relinquish their tight junction—like diffusion barrier 
to make way for the emerging lateral root primordium. Endodermal feedback is absolutely required 
for initiation and growth of lateral roots, and we provide evidence that this is mediated by 
controlled volume loss in the endodermis. We propose that turgidity and rigid cell walls, typical 
of plants, impose constraints that are specifically modified for a given developmental process. 


pithelia are central to multicellular life. 
| he ringlike paracellular barriers sepa- 
rate different environments, and their po- 
lar surfaces mediate selective and vectorial uptake 
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of substances (/). The crucial barrier function of 
epithelia must be maintained during growth and 
development. In animals, epithelial remodeling 
involves a complex, supracellular interplay of 
force generating cytoskeleton and dynamically 
remodeled adherens junctions (2). In plants, the 
root endodermis has a function very similar to 
that of animal epithelia, yet its independent evo- 
lution in the context of a multicellular organism 
with turgid, wall-bearing, nonmotile cells has led 
to profoundly different cellular structures (3). In- 


stead of being mediated by direct protein-protein 
interactions, the paracellular diffusion barrier of 
the endodermis is set up by the Casparian strips, 
ringlike, hydrophobic impregnations of the pri- 
mary cell wall that fuse into a supracellular network 
between endodermal cells. These impregnations 
consist of lignin, an inelastic phenolic polymer 
that is resistant to chemical degradation (4). The 
Casparian strip establishment is locally guided 
by the Casparian strip domain proteins (CASPs). 
These transmembrane proteins, which form a ring- 
like plasma membrane subdomain, establish a 
lateral diffusion barrier and recruit biosynthetic 
enzymes for Casparian strip formation (5, 6). Yet, 
despite the presence of a Casparian strip, the en- 
dodermis has to be remodeled during lateral root 
formation. 

Lateral roots are formed from the pericycle, 
a cell layer located deep within the primary root, 
confined between the vascular bundle and the 
endodermis. As the lateral root primordium grows, 
it has to traverse the endodermis, cortex, and epi- 
dermis in order to emerge from the primary root. 
The hormone auxin triggers lateral root develop- 
ment and also signals to the overlying cell layers 
(7). Outer cortex and epidermal cell layers assist 
lateral root emergence after auxin from the lat- 
eral root primoridum triggers degradation of the 
SOLITARY-ROOT repressor protein, which per- 
mits expression of pectinases that disrupt inter- 
cellular adhesions (8, 9). The endodermis, however, 
must be breached first, and its Casparian strip 
network cannot be degraded by pectinases. An- 
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other repressor protein, SHORT HYPOCOTYL 2 
(SHY2), mediates endodermis responses (9). 
Older electron microscopy studies suggest a 
profound remodeling of endodermal cell walls 
during lateral root formation (/0, 1/7). In order to 
allow for imaging of the deep-lying endodermal 
cell layer, we specifically developed a set of flu- 
orescent marker lines (/2). A transcriptional flu- 
orescent reporter for SHY2 shows expression in 
two to three endodermal cells overlying newly 
formed primordia during stage I to stage IV (fig. S1, 
A to D, and movies S1 to S4). Subsequently, 
we used markers for the Casparian strip domain 


(CSD), as well as plasma and vacuole mem- 
branes, that we expressed specifically in differ- 
entiating endodermal cells. We observed that the 
CSD marker CASP1-mCherry was locally de- 
graded in two to three endodermal cells over- 
lying stage II and III primordia (Fig. 1A); at the 
same time, endodermal cells overlying the pri- 
mordium became thinner (Fig. 1J and fig. S2). 
We used the plasma membrane-localized soluble 
N-ethylmaleimide-sensitive factor attachment 
protein receptor (SNARE) SYP122, CITRINE- 
SYP122, to visualize the endodermal protoplast 
during lateral root primordium growth. 
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Fig. 1. Regulated endodermal cell responses during lateral root formation. (A) CSD marker 
CASP1pro::CASP1:mCherry (magenta) gets degraded in endodermal cells overlying the primordium. 
(B and C) Remodeling of the endodermal protoplast during lateral root formation. Protoplast visualized 
by CASP1pro::CITRINE-SYP122 (magenta). (D and E) Remodeling of endodermal vacuole during lateral 
root formation. Vacuoles marked by CASP1pro::y-TIP:CITRINE (magenta). (A, C, and E) P/N1pro::PIN1:GFP 
(green) used to label primordia. (F) Integrity of plasma membrane [marked as in (B) and (C)] is main- 
tained in overlying endodermal cells during lateral root formation. Counterstained with propidium iodide 
(Pl) (green). Arrow indicates endodermal cell with absence of nuclear propidium iodide staining. (G) 
Emerging lateral root pushing away loosened epidermal cells. Note difference to splitting of endodermis 
in (B). Epidermal plasma membrane marked by UBQ10pro::EYFP:NPSN12. (H and 1), basic fuchsin 
staining of Casparian strip staining reveals localized degradation (arrows) of the strip during lateral root 
formation. (J) Schematic of thinning of endodermal cells (e) (gray) overlying a lateral root primordium (p) 
(yellow). (K and L) Schematic of a surface view of a lateral root primordium (yellow), highlighting differences 
of growth through the endodermis (gray, K) versus epidermis (blue, L). Seven-day-old seedlings were used. 
Images (A) to (I): Maximal projections of confocal image stacks. Scale bar, 20 um. 
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We observed that the protoplast progressive- 
ly flattened in parts of the cells, which some- 
times led to a donut-shaped structure (Fig. 1, B 
and C; fig. S3; and movies S5 and S6) that 
could arise from a flattening of the endodermal 
cell to the point where plasma membranes from 
both sides are fusing. Using the tonoplast marker 
y-TIP-CITRINE, we observed similar accom- 
modating responses (Fig. 1, D and E; fig. S4; 
and movies S7 and S8). The vacuole appeared 
to be remodeled and to fragment into smaller 
vacuoles but otherwise remained intact. The in- 
tegrity of the plasma membrane of endodermal 
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cells was at no point compromised during these 
rearrangements, as indicated by the absence of 
nuclear propidium iodide stain (used as an indi- 
cator of cell death in plants) (Fig. 1F and movie S9). 

The protoplast of the endodermis and epi- 
dermal cells behaved differently. Epidermal cells 
do not seem to lose volume, but rather are pushed 
away after loss of cell-to-cell adherence (com- 
pare Fig. 1G with 1B and Fig. 1K with 1L). By 
contrast, the Casparian strip network keeps the 
endodermal cells tightly connected, which forces 
the endodermis to accommodate growth through 
dramatic volume losses and the required minimal 
separation of cell walls for lateral root emergence. 
When we visualized the Casparian strip during 
lateral root formation, we did not observe a com- 
plete disappearance of the strip that would par- 
allel the disappearance of the CASP1 membrane 
protein (Fig. 1A). Instead, we observed small holes 
and/or breaking points that allowed for a localized 
opening of the network in parts of the cell where 
the primordium penetrates (Fig. 1, H and I). 

The SHY2 repressor is thought to regulate 
endodermal responses during lateral root emer- 
gence. Yet SHY2 is widely expressed, and mu- 
tants with the dominant shy2-2 allele show many 
different developmental phenotypes (/3—/6), which 
makes it difficult to discern primary from sec- 
ondary defects. To overcome this problem and to 
specifically block auxin responses in differenti- 
ated endodermal cells, we expressed the stabi- 
lized form of SHY2, shy2-2, under the control of 
the CASP1 promoter. In these CASPIpro::shy2-2 


Fig. 2. Endodermal auxin responses are essen- 
tial for lateral root formation. (A) Three-week-old 
CASPipro::shy2-2 plants do not display shy2-101 phe- 
notypes but are smaller than Col-O and CASP1pro::SHY2 
controls. (B) CASP1pro::shy2-2 seedling roots grow 
as controls do but show no emerged lateral roots. 
CASPIpro::shy2-2 seedlings also do not display 
clusters of emerged lateral roots (asterisks) some- 
times observed in shy2-101. (C) Three-week-old 
hydroponically grown plants show highly branched 
root system in wild-type (Col-0). CASP1pro::shy2-2 
plants still show no emerged lateral roots. (D) 
CASP1pro::shy2-2 seedlings [10 days after germi- 
nation (DAG)] have no emerged lateral roots (LRs). 
Asterisks indicate significant differences among 
means. (E) Blocking auxin responses in endodermis in- 
hibits lateral root emergence, whereas blocks in cortical 
(PEPpro:shy2-2) and epidermal (PGP4,,,::shy2-2) 
responses do not. Asterisks indicate significant differences 
among means (*P< 0.5 x E°, *P<05x E PP ee 
0.5 x E>) by Tukey’s test (n = 20). All experiments 
were performed at least three times. 


plants, the altered leaf shape, severe dwarfism 
of shoots and roots, and stunted inflorescence 
phenotypes of the shy2-2 mutant were all absent, 
although the plants remained smaller than wild 
type (Fig. 2A). This smaller stature can easily be 
explained as a secondary consequence of the 
only other phenotype observed in these plants, 
which was a complete absence of emerged lat- 
eral roots (Fig. 2, B to D). This very strong pheno- 
type became even more apparent under hydroponic 
growth conditions. Whereas 3-week-old Col-0 
plants had a well-developed root system, 
CASPIpro.:shy2-2 plants only showed one long 
primary root (Fig. 2C). This complete suppres- 
sion of lateral root emergence was specific for 
shy2-2 expression in the endodermis, as lines 
expressing shy2-2 in the cortex (PEPpro) or 
epidermis (PGP4pro) (/3, 17) still had emerged 
lateral roots. The lower rate of emerged lateral 
roots of the PGP4pro. :shy2-2 plants may be due 
to weak PGP4 promoter expression in endoder- 
mis and pericycle (fig. S5). 

Our experiments suggest that endodermal 
auxin signaling is crucial for lateral root emer- 
gence. We then analyzed at which stage of lateral 
root formation CASPI/pro::shy2-2 plants were 
blocked. Unexpectedly, even the earliest lateral 
root primordia stages were absent (fig. S6). We 
concluded that endodermal auxin signaling al- 
ready affects initiation of lateral roots in the 
pericycle. We therefore characterized the ex- 
pression of the lateral root founder cell marker 
GATA23pro::NLSGFPGUS (18). Onset of GATA23 
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expression in CASPIpro::shy2-2 roots was sim- 
ilar to that in wild type, but the staining intensity 
did not increase to mark initiating and early lat- 
eral root primordia as in wild type (Fig. 3, A 
and B). This supports a very early block in later- 
al root initiation in CASPIpro::shy2-2 plants, 
placing it before the first asymmetric divisions 
of the founder cells. 

We tested whether auxin treatments could res- 
cue the lateral root phenotype of CASPIpro::shy2-2 
plants. Primary root growth in both backgrounds 
was equally sensitive to auxin treatments (Fig. 3, 
C and D). CASPIpro::shy2-2 plants, however, 
formed very few lateral roots in response to auxin. 
High concentrations resulted in some degree of 
lateral root formation in CASPIpro::shy2-2 plants 
(fig. S7). Lateral roots formed when 1 uM auxin 
was present hardly managed to emerge (fig. S7); 
this was the initially expected emergence pheno- 
type. Auxin treatment of wild-type plants resulted 
in correctly shaped primordia with normal emer- 
gence through the endodermis (Fig. 3, I and J). 
By contrast, CASPIpro::shy2-2 primordia were 
often flattened and appeared to have difficulties 
in growing through the endodermis (Fig. 3, K 
and L). In addition, the endodermis appeared to 
stay turgid much longer than wild-type endo- 
dermis, where it becomes flattened to the point 
of being imperceptible (see asterisks, Fig. 3, I 
and K). These experiments suggest that blocking 
auxin responses specifically in the endodermis 
affects lateral root formation at two stages: first, 
at initiation and, second, at the stage when the 
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primordium needs to emerge. Thus, blocking re- 
sponses in the endodermis has a non—cell auton- 
omous effect on the ability of auxin to induce 
cell divisions in the pericycle. This effect was 
confirmed by using the auxin signaling reporter 
DRS5pro::NLS3xVENUS (19). Under control con- 
ditions, there was no obvious difference between 
the two backgrounds (Fig. 3, E and F), whereas, 
after short-term auxin treatments, not only the 
endodermis but also the pericycle responded less 
in CASPIpro::shy2-2 (Fig. 3, G and H). 
Several lines of evidence exclude the pos- 
sibility that this effect on auxin response com- 
petence in the pericycle is due to the direct 
presence of shy2-2 protein in those cells, either 
because of leaky promoter activity or protein 
movement. First, unlike CASP1pro, PGP4pro 
also displays weak expression in the pericycle 
(fig. S5), yet it causes a much weaker lateral 
root phenotype (Fig. 2E). Second, we ruled out 


Col-0 


Fig. 3. Endodermal auxin 
responses are required for 
lateral root initiation and 
emergence. (A and B) Later- 
al root founder cell marker 
GATA23 is misregulated in 
CSP 1pro::shy2-2 seedlings. Stain- 
ing of GATA23pro::NLSGFP:GUS 
expression in Col-0 (A) and 
CASPIpro::shy2-2 (B) seed- 
lings (5 DAG). (C and D) 
CASPIpro::shy2-2 roots are not 
resistant to NAA. Four-day-old 
seedlings were transferred to 


0.1 pM NAA 


movement of shy2-2 protein from endodermis 
into the pericycle by interfering with plasmo- 
desmatal transport between these two cell lay- 
ers through endodermal expression of cals3m, 
which has been shown to obstruct plasmo- 
desmatal connections (20). The phenotype of 
CASP I pro: :shy2-2/CASPIpro::cals3m_ plants 
was very similar to CASPIpro::shy2-2 plants 
(fig. S8), which indicated that protein move- 
ment from endodermis to pericycle is not the 
cause for the non—cell autonomous effect that 
we observe. 

Having excluded direct effects of shy2-2 in 
the pericycle, we postulated that communication 
between the endodermis and the primed pericycle 
cells is required much earlier than previously as- 
sumed. We therefore investigated whether re- 
modeling of endodermis and pericycle already 
occurs at stage I or earlier. We used light sheet 
fluorescence microscopy to noninvasively image 
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and quantify the dynamics of pericycle and en- 
dodermis before and during the first asymmetric 
cell division. We could show that the transverse 
area of the pericycle cells increased by ~50% 
(Fig. 4, B and C, and movie S10). Average in- 
crease in cell surface was 22 + 15 um*/hour 
(mean + SD, n = 9 cells, two biological repli- 
cates). This indicates that, before the first divi- 
sion, the pericycle cells swell and the endodermis 
slightly shrinks or deforms. 

Under short-term auxin treatments, we ob- 
served a significant increase of pericycle cell 
width in Col-0. However, this increase was absent 
in CASPIpro::shy2-2 plants (Fig. 4D and fig. S9). 
This suggests that the ability of pericycle cells to 
swell is dependent on an early auxin perception 
in the endodermis. In CASPIpro::shy2-2 plants, 
pericycle-derived auxin would be unable to 
induce an early accommodation response of the 
endodermis, which would make it impossible for 


10 uM NAA (5 hr) 


‘pro 


DR5,_::NLS3x VENUS 


orthogonal view 


indicated amounts of NAA for 3 days. Compared to Col-0 (C), CASPIpro::shy2-2 
seedlings (D) show no emerged lateral roots after prolonged NAA treatment. (E 
to H) The auxin signaling reporter DR5pro::N7-3xVENUS shows comparable 
fluorescence intensity in control situation in both Col-0 (E) and CASPIpro::shy2-2 
seedlings (F). Both endodermis and pericycle of CASP1pro::shy2-2 seedlings (H) 
are less responsive to auxin, compared to Col-O (G). a.u., arbitrary units. Five- 
day-old plants were incubated in liquid medium for the indicated time and 
concentration. (I to L) Blocking endodermal auxin responses severely affects 
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lateral root primordium shape. Four-day-old seedlings expressing the plas- 
ma membrane marker UBQ10pro::EYFP:NPSN12 in Col-O (I and J) and 
CASP1pro::shy2-2 (K and L) were transferred to auxin-containing plates. 
(J and L) Orthogonal views of (I) and (K), respectively. Note that induced 
primordium of CASP1pro::shy2-2 is much broader than Col-0 [compare out- 
lines in (J and L)]. In addition, the endodermis does not become flattened in 
CASPIpro::shy2-2 roots (highlighted by asterisks). Scale bars: 0.1 mm in (A), 
(B), (E), and (F); 1 cm in (C) and (D); 50 um in (G) and (H); and 20 um in (1) to (L). 
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Fig. 4. Pericycle cells swell before formative divisions. (A to C) 
Four-dimensional light sheet fluorescence microscopy reveals 
that pericycle cells swell before formative divisions. Seedlings 
(7 DAG) expressing UBQ10pro::EYFP:PIP1;2 as the plasma mem- 
brane marker (gray) and nuclear GATA23pro::NLSGFPGUS (gray) 
as the lateral root founder cell marker imaged for 30 hours. 
(A) Single slice of two dividing pericycle cells. Yellow star indi- 
cates pericycle; red star indicates endodermis. (B) Orthogonal 
views of (A) at t = 0 hours and t = 3.58 hours and segmented 
versions of the images (right). Pericycle is indicated with yellow 
asterisk and/or filled, endodermis with red asterisk and/or filled. 
(© The sum area of the three cells, normalized to its initial value, 
is plotted as black dots; the yellow and red lines are sliding 
window averages over six time points. (D) Boxplot showing the 
quantification of the distribution of pericycle cell widths under 
control, either 10 4M NAA or 10 uM NPA with 10 uM NAA con- 
ditions in Col-O (white boxes) and CASPipro::shy2-2 background 
(gray boxes). Measurements were performed on orthogonal 
projections of confocal Z-stacks of UBQ10pro::EYFP:NPSN12 
roots as depicted in fig. S9. Different letters indicate significant 
differences among means (P < 0.5 x E* by Tukey’s test). (n = 
25 roots, three independent experiments.) Scale bar, 20 um. 
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the primed pericycle cell to increase in volume and 
execute the first cell division. Auxin transporter— 
mediated “reflux” of auxin from the endodermis 
to the pericycle was reported to assist the 
progression of founder cells into stage I primor- 
dium (/4). Yet the weak effects of endodermal 
auxin transporters on lateral root formation in- 
dicate that it cannot account for the strong block 
of lateral root formation reported here. Never- 
theless, we included measurements of pericycle 
cell widths after simultaneous treatment of 
1-naphthylacetic acid (NAA) and an auxin trans- 
port inhibitor (/5). Inhibition of auxin transport 
affected neither the auxin-induced changes in 
pericycle cell width nor the ability of CASPI- 
pro::shy2-2 expression to block this increase 
(Fig. 4D and fig. S9). Hence, the non-cell 
autonomous effects observed are not mediated 
by alterations of auxin transport through the 
endodermis. 

We propose that pericycle cells perceive a 
nonresponsive endodermis through an increased 
resistance to its expansion growth. This mechan- 
ical stress would then result in an early block of 
lateral root initiation. Auxin-mediated regulation 
of the mechanical properties of overlying cell 
layers was proposed to contribute to the shape of 
already-formed lateral root primordial (/6). Here, 
we reveal that the requirement for accommodat- 
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ing responses is much more fundamental, being 
even required for initiation of cell division. More- 
over, we show that it is specifically the endoder- 
mis that plays a key role in lateral root formation 
and emergence, because of the strong phenotypes 
of CASPIpro::shy2-2 plants. Our findings fit with 
a recent report that auxin-mediated regulation of 
aquaporins contributes to emergence (2/). Clear- 
ly, auxin regulation of aquaporins or ion channels 
might execute the very early accommodating re- 
sponses of the endodermis that we observe. It 
will be interesting to specifically manipulate such 
proteins in the endodermis and study their effects 
on endodermal shrinkage and lateral root forma- 
tion. The pericycle-endodermis interaction that 
we have uncovered now provides a promising 
system to study how plant cells sense and accom- 
modate to growth of their neighbors—besides 
lateral root formation, such “mechanical” com- 
munication might be of importance to maintain 
tissue integrity in growing apical meristems or 
during secondary growth, as well as during the 
penetration of fungi or pollen tubes into plant 
tissue or infection thread formation. Generally, 
the need for coordinated accommodation re- 
sponses by turgor and/or volume loss might be 
widespread, wherever there is growth and divi- 
sion of inner cell layers. This might impact on 
tissue and organ patterning, just as perception 
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of mechanical stresses at surface cell layers shapes 
growth of the shoot apical meristem (22). 
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Bacterial Vesicles in Marine Ecosystems 


Steven J. Biller,** Florence Schubotz,* Sara E. Roggensack,’ Anne W. Thompson,* 


Roger E. Summons,” Sallie W. Chisholm?'3* 


Many heterotrophic bacteria are known to release extracellular vesicles, facilitating interactions 
between cells and their environment from a distance. Vesicle production has not been described 
in photoautotrophs, however, and the prevalence and characteristics of vesicles in natural 
ecosystems is unknown. Here, we report that cultures of Prochlorococcus, a numerically dominant 
marine cyanobacterium, continuously release lipid vesicles containing proteins, DNA, and RNA. 
We also show that vesicles carrying DNA from diverse bacteria are abundant in coastal and 
open-ocean seawater samples. Prochlorococcus vesicles can support the growth of heterotrophic 
bacterial cultures, which implicates these structures in marine carbon flux. The ability of vesicles to 
deliver diverse compounds in discrete packages adds another layer of complexity to the flow of 
information, energy, and biomolecules in marine microbial communities. 


ells from all domains of life produce mem- 
( brane vesicles (/). In Gram-negative bacte- 

ria, spherical extracellular vesicles (between 
~50 and 250 nm in diameter) are thought to be 
formed when regions of the outer membrane 
“pinch off” from the cell and carry with them an 
assortment of proteins and other molecules (2, 3). 
Vesicle release occurs during the normal growth 
of many species, and although growth conditions, 
stressors, and membrane structure can influence 
the number of vesicles produced (4), the reg- 
ulation of vesicle production is still unclear (2). 
These structures have been shown to contribute 
to diverse processes in model bacteria, includ- 
ing virulence (5, 6), quorum signaling (7), bio- 
film formation (8), redox reactions (9), cellular 
defense (/0, 1/), and horizontal gene transfer 
(12, 13). Despite the numerous ways in which 
vesicles may affect microbial communities, their 
abundance and functions in marine and other 
ecosystems remain unknown. 

While examining scanning electron micro- 
graphs of an axenic culture of the marine cyano- 
bactertum Prochlorococcus, we noticed the presence 
of numerous small spherical structures near the 
cell surface (Fig. 1A). This strain has no pro- 
phage or gene transfer agents in its genome; thus, 
we suspected the spheres to be membrane vesi- 
cles. Because Prochlorococcus is the numerically 
dominant marine phytoplankter—with a global 
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population of ~10’ cells (14) accounting for 30 
to 60% of the chlorophyll a in oligotrophic re- 
gions (15)—Prochlorococcus-derived vesicles could 
have a notable influence on the function of ma- 
rine microbial systems. To study the phenomenon 
of vesicle release, we first isolated the <0.2-um 
fraction from a Prochlorococcus culture and vi- 
sualized these structures by transmission electron 
microscopy (TEM) (/6). Negative stain and thin- 
section micrographs (Fig. 1, B and C) of samples 
from exponentially growing cultures of healthy, 
intact cells (fig. S1) confirmed the presence of 
membrane-bound vesicles ~70 to 100 nm in di- 
ameter (Fig. 1D). Their presence was inde- 
pendently observed using nanoparticle tracking 
analysis of unperturbed cultures, which showed 
that the particle size distributions were as would 
be predicted for Prochlorococcus cells and vesi- 
cles (Fig. 1E). Vesicles were produced under both 
constant light and diel light-dark cycling condi- 
tions and were found in cultures of all six axenic 
Prochlorococcus strains available (representing 
both high-light— and low-light—adapted ecotype 
groups) (table S1). A Synechococcus strain (WH8102) 
also produced vesicles (fig. S2), which demonstrated 
that vesicle release is a feature of the two most 
numerically abundant primary producers in the 
oligotrophic oceans. 

Because membrane vesicles were the domi- 
nant small particle between 50 and 250 nm in our 
cultures as seen by TEM, we used the concen- 
tration of all particles in this size range, deter- 
mined using nanoparticle tracking analysis, as a 
measure of vesicle concentration. Vesicles were 
at least as abundant as Prochlorococcus cells in 
growing cultures, and in some strains they could 
be 10 times as numerous as cells in exponential 
and/or stationary phase (Fig. 1F and fig. S3). Vesi- 


cles appear to be produced continually during 
exponential growth, consistent with observations 
in other bacteria (/7), and by our estimates, the 
rate of vesicle production varied from about two 
to five vesicles per cell per generation among 
three different Prochlorococcus strains (table S1; 
supplementary text). Vesicles are stable under lab- 
oratory conditions, as their size and concentration 
remained essentially unchanged over the course 
of 2 weeks in sterile seawater at 21°C (fig. S4). 
Although many factors could influence vesicle 
production by Prochlorococcus in the wild, pro- 
duction estimates based on these initial data yield 
global release rates on the order of 10°’ to 107° 
per day (supplementary text). 

To explore the potential roles of vesicles from 
marine cyanobacteria, we analyzed the content of 
Prochlorococcus vesicles. As one might expect 
for membrane-bound vesicles, they contained both 
lipopolysaccharides, a common component of 
the Gram-negative outer membrane, and a num- 
ber of typical cyanobacterial lipids (/8). The most 
abundant lipid species in the vesicles were mono- 
glycosyldiacylglycerol, sulfoquinovosyldiacylglycerol, 
and some unidentified glycolipids (fig. SSA). The 
lipid fatty acids from vesicles of Prochlorococcus 
MED4 were dominated by saturated Cy4.9, Cy6-0, 
and C1g.9 species, which suggested that these ves- 
icles’ membranes are relatively rigid (fig. SSB). 

We examined the proteome associated with 
vesicles produced by two ecologically distinct 
Prochlorococcus strains (the high-light-adapted 
MED4 and low-light-adapted MIT93 13) and found 
these vesicles to contain a diverse set of proteins, 
including nutrient transporters, proteases, porins, 
hydrolases, and many proteins of unknown func- 
tion (tables S2 and S3). Although it is presently 
unclear whether these enzymes are bioactive, vesi- 
cles released by other bacteria can contain active 
enzymes (2), and proteins enclosed within related 
liposomal structures are known to be protected 
from degradation by marine bacteria (19). Bacte- 
rial membrane vesicle release may account, in part, 
for the relative abundance of membrane proteins 
among all dissolved proteins in seawater (20). 

Prochlorococcus MED4 vesicles also con- 
tained DNA (fig S6A). To be certain that the 
detected DNA was associated with vesicles, puri- 
fied vesicles were treated with deoxyribonuclease 
(DNase) before lysis and DNA purification. DNA 
fragments associated with vesicles were hetero- 
geneous in size, with some measuring at least 
3 kilobase pairs (kbp) (fig. S7}—enough to encode 
multiple genes. We amplified and sequenced DNA 
from ~10'' MED4 vesicles and found that it 
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Fig. 1. Prochlorococcus releases membrane vesicles. (A) Scanning elec- 
tron micrograph of Prochlorococcus strain MIT9313 shows the presence of 
numerous small spherical features (vesicles, indicated by arrows) near the 
cells. Scale bar, 1 um. (B) Purified Prochlorococcus vesicles as seen by 
negative-stain TEM. Scale bar, 100 nm. (C) Thin-section electron micrographs 
confirm that Prochlorococcus vesicles are circular, membrane-enclosed fea- 
tures lacking notable internal structure. Scale bar, 100 nm. (D) Particle size 
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distribution of purified Prochlorococcus vesicles as determined by nano- 
particle tracking analysis. (E) Particle size analysis of an unperturbed culture 
confirms the presence of particles of two broad size classes consistent with 
whole cells and vesicles. (F) Vesicle production during growth of MIT9313, 
comparing the number of vesicles (open circles) with cells (squares) in the 
culture. Values represent means + SD of three biological replicates. Vesicle 
limit of detection was ~10” ml“. 


encoded broadly distributed regions of the MED4 
genome, representing over 50% of the entire chro- 
mosomal sequence (Fig. 2 and table S4). We noted 
a reproducible overabundance of reads from a 
region of the chromosome roughly centered on 
the terminus region, which suggested a possible 
link to the cell cycle; however, the mechanisms 
through which these DNA fragments are gener- 
ated and packaged into vesicles are unclear. The 
vesicles also contained RNA (fig. S6B), and se- 
quences from 95% of open reading frames in the 
genome were recovered (fig. S8). Membrane vesi- 
cles have been shown to facilitate horizontal gene 
transfer among a number of bacteria including 
Escherichia coli (12) and Acinetobacter (13). Given 
the abundance of Prochlorococcus in the oceans, 
our finding that it releases DNA within vesicles 
could have important implications for mechanisms 
of horizontal gene transfer in marine ecosystems. 

To explore the prevalence of vesicles in the 
oceans, we examined surface samples from both 
nutrient-rich coastal seawater (Vineyard Sound, 
MA) and from the oligotrophic Sargasso Sea [at 
the Bermuda Atlantic Time-series Study (BATS) 
station]. Using density-gradient purification to 
separate vesicles from other small particles in 
seawater, we isolated numerous structures from 
both sites with a morphology and size distribu- 
tion similar to those of the vesicles found in 
Prochlorococcus cultures (Fig. 3, A and B, and 
fig. S9A). Although some particles resembling 
filamentous phage copurified with the vesicles 
(thin white lines in Fig. 3B), we observed negli- 


Fig. 2. Prochlorococcus 
membrane vesicles contain 
genomic DNA sequences. 
Distribution of DNA associ- 
ated with vesicles from Pro- 
chlorococcus MED4 cultures. 
Sequence reads were mapped 


Relative abundance (x 10°) 


against the MED4 chromo- 0 
some; mean relative abundance 
from two replicate samples is 


500 1000 
MED4 chromosome position (kb) 


plotted over a 1-kb window. In total, 948,424 bp of the 1,657,990 bp chromosome (56%) was sequenced 
at least once from the vesicle populations. Dashed vertical line indicates the predicted chromosome 


terminus location. 


gible numbers of apparent tailed or tailless phage, 
gene transfer agents, viruslike particles (2/), and 
inorganic colloids in our enriched fractions. Ex- 
amination of the putative vesicles by thin-section 
electron microscopy showed numerous examples 
of circular, membrane-bound features lacking in- 
ternal structure or electron density (Fig. 3C), con- 
sistent with vesicle morphology and not that of 
bacteria. These samples contained protein as well as 
diverse lipid species, also consistent with mem- 
brane vesicles (fig. S10 and supplementary text). 
Although it is possible that some of these structures 
could have been formed by other mechanisms, the 
combination of culture and field data support the 
interpretation that these are membrane vesicles. 
Vesicle abundances in the coastal surface wa- 
ter and Sargasso Sea samples were ~6 x 10° mI! 
and 3 x 10° ml ’, respectively (Fig. 3D)—similar 
to the concentrations of bacteria at these sites. We 


analyzed a depth profile in the Sargasso Sea, and 
vesicles were observed both within and below 
the euphotic zone, declining with depth down to 
500 m (Fig. 3D and fig. S9, B to D). The steady- 
state concentration of vesicles in the ocean is a func- 
tion of rates of production, consumption, decay, and 
perhaps association with other ocean features such 
as marine microgels. Although we do not yet know 
enough about these processes to interpret the mech- 
anisms that result in this distribution within the 
water column, the concordance between vesicle 
and bacterial abundance is consistent with the 
argument that the vesicles are of microbial origin. 

It has been suggested that total Prochlorococcus- 
derived dissolved organic carbon (DOC) could 
support a substantial fraction of total bacterial 
production in oligotrophic regions (22). The re- 
lease of vesicles by Prochlorococcus, with their 
diverse contents, implicates their secretion as a 
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Fig. 3. Membrane vesicles are abundant in natural seawater samples. 
Negative-stain electron micrographs of membrane vesicles isolated from sur- 
face (A) coastal (Vineyard Sound, MA) and (B) oligotrophic waters (Sargasso 
Sea). (C) Thin-section electron micrograph of the sample from (B) shows that 
these structures are circular, enclosed by a membrane, and lack internal 
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Fig. 4. Potential roles of bacterial vesicles in marine ecosystems. (A) Purified Prochlorococcus 
vesicles can support the growth of a heterotrophic marine Alteromonas. Alteromonas growth patterns are 
shown in a seawater-based minimal medium supplemented with media only (control), vesicles (+vesicles), 
or a defined mixture of organic carbon compounds (+organic carbon mix) as the only added carbon 
source. Growth curves represent the mean + SEM of three replicates. The optical density at 600 nm 
(OD¢oo) increase of the “+vesicles” and “+organic carbon” trials both corresponded with a significant 
increase in Alteromonas cell concentration (measured by plate counts) as compared with the control after 
48 hours (f test; P < 0.05). (B) Marine phage-vesicle interactions. TEM micrograph of cyanophage PHM-2 
bound to a vesicle from Prochlorococcus MED4 (see also fig. $12). The shortened tail indicates that this 
phage has “infected” the vesicle and is therefore unable to infect a bacterial cell. Scale bar, 100 nm. 


mechanism for production of some of this DOC. 
Given the data in hand, the lower bound of global 
Prochlorococcus vesicle production would rep- 
resent roughly 10* to 10° tonnes of fixed C ex- 
ported into the oceans per day (supplementary 
text). Lipids make up a notable component of 
total DOC in seawater (23), which is consistent 
with the presence of vesicle material among the 
high molecular mass fraction (>1000 daltons) of 
DOC. Although bacterial membrane vesicles have 
structural similarities to liposomes previously de- 
scribed as a component of DOC, they differ in 
two important respects: Vesicles are smaller [~50 
to 150 nm diameter versus 400 to 1500 nm for li- 
posomes (24)] and are not formed from the products 
of lysed or incompletely digested bacteria. 

These observations implicate vesicle release 
by Prochlorococcus and other organisms in the 
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flow of organic carbon in the oceans. To explore 
whether vesicles could serve as an organic carbon 
source for heterotrophs in marine food webs, we 
examined whether Prochlorococcus vesicles could 
support the growth of marine heterotrophic 
bacteria in culture. We found that marine isolates 
of both Alteromonas and Halomonas each grew 
in seawater media supplemented with purified 
Prochlorococcus vesicles as the only added car- 
bon source (Fig. 4A and fig. S11), which illus- 
trated that at least some of the vesicles’ carbon is 
labile. Although vesicles may not constitute a large 
fraction of the total organic carbon consumed by 
heterotrophs in the oceans (each Prochlorococcus 
vesicle contains roughly 1/100th the carbon of an 
average bacterial cell in the open ocean) (supple- 
mentary text), they are clearly capable of moving 
fixed carbon from primary producers into the 
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structure. Scale bars, 100 nm in (A) to (C). (D) Concentrations of vesicles (open 
circles) and total bacteria [squares; bacterial 4’,6’-diamidino-2-phenylindole 
(DAPI) count data from BATS] in the upper Sargasso Sea, December 2012. 
Vesicle concentrations are based on measurements of purified vesicle samples 
and represent lower-bound estimates of in situ abundance. 


microbial food web. The presence of proteins and 
nucleic acids within vesicles implies that they 
could function as sources of N and P as well. 

It is perhaps surprising that Prochlorococcus, 
or other microbes growing in the nutrient-poor 
oligotrophic oceans, would continually export 
nutrients in the form of membrane vesicles. 
Prochlorococcus, for example, has adaptations 
that reduce its phosphorus and nitrogen require- 
ments, including the use of sulfolipids instead of 
phospholipids (/8) and a proteome with relative- 
ly low nitrogen demand (25). Vesicle release seems 
inconsistent with the need to make efficient use of 
limited resources that presumably underlies these 
adaptations. What potential ecological roles, then, 
might vesicles play within marine microbial com- 
munities that could provide a fitness benefit suffi- 
cient to justify their costs? We can only speculate 
at this point, but what follows are some possibilities. 

The growth of Prochlorococcus is often pos- 
itively influenced by the presence of heterotrophs 
(26, 27), so the release of DOC into the local 
environment could provide some fitness advan- 
tage by facilitating heterotroph growth. Vesicles 
might also play a role in defending cells against 
infection by phage—viruses that infect bacteria 
(J0). Phage are abundant in the oceans, and 
cyanophage that infect Prochlorococcus can 
represent a substantial fraction of the total viral 
population (28). As vesicles contain bacterial 
outer membrane material, such as the external 
protein receptors phage use to identify their 
host, they represent a class of small particles that 
could influence marine phage infection dynam- 
ics. To explore this possibility, we mixed purified 
Prochlorococcus vesicles with a phage (PHM-2) 
known to infect the strain from which they orig- 
inated and examined the population by electron 
microscopy. We observed numerous examples of 
phage bound to vesicles; in addition, many vesicle- 
attached phage had a shortened stalk and altered 
capsid staining density, which suggested that they 
had injected their DNA into the vesicle (Fig. 4B 
and fig. S12). Thus, the export of vesicles by 
marine bacteria could reduce the probability of a 
cell’s becoming infected and killed by phage. 
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The finding that Prochlorococcus releases 
DNA within membrane vesicles suggests that they 
may also serve as a reservoir of genetic infor- 
mation and possible vector for horizontal gene 
transfer in marine systems. To characterize the 
nature of the vesicle-associated DNA pool in 
natural seawater, we sequenced the “metagenome” 
from purified and DNase-treated vesicles isolated 
from our two field sites. Based on the unique 
sequences recovered, these “wild” vesicles con- 
tained a diverse pool of DNA with significant 
homology to members of 33 phyla from all three 
domains, although bacterial sequences were dom- 
inant (table S5). The majority of unique bacterial 
sequences were most similar to members of the 
Proteobacteria, Cyanobacteria, and Bacteroidetes. 
Since Prochlorococcus and other bacteria (29) 
export fragments of their genome within vesicles, 
the taxonomic diversity of DNA we observed in 
the field samples implies that diverse marine mi- 
crobes release vesicles. We also identified se- 
quences with homology to tailed and other marine 
phage, despite the fact that these were not appar- 
ent in the fractions by TEM (table S5 and sup- 
plementary text). Although we cannot completely 
rule out the presence of phage in the samples, 
these sequences could reflect either the export of 
prophage sequences within vesicles or DNA aris- 
ing from phage infection of vesicles in the field. 

Although membrane vesicles constitute only 
a fraction of the >10° small (<200-nm) colloidal 
particles per ml observed in seawater (30), that 
they are known to move diverse compounds be- 
tween organisms in other systems (5, 7) suggests 
that they could serve specific functions in marine 
ecosystems. By transporting relatively high local 
concentrations of compounds, providing binding 
sites, or acting as reactive surfaces, vesicles may 
mediate interactions between microorganisms and 
their biotic and abiotic environment that would 
otherwise be impossible in the extremely dilute 
milieu of the oligotrophic oceans. 
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Progenitor Outgrowth from the Niche 
in Drosophila Trachea Is Guided by 
FGF from Decaying Branches 


Feng Chen??? and Mark A. Krasnow??* 


Although there has been progress identifying adult stem and progenitor cells and the signals that 
control their proliferation and differentiation, little is known about the substrates and signals that guide 
them out of their niche. By examining Drosophila tracheal outgrowth during metamorphosis, we 
show that progenitors follow a stereotyped path out of the niche, tracking along a subset of 

tracheal branches destined for destruction. The embryonic tracheal inducer branchless FGF (fibroblast 
growth factor) is expressed dynamically just ahead of progenitor outgrowth in decaying branches. 
Knockdown of branchless abrogates progenitor outgrowth, whereas misexpression redirects it. Thus, 
reactivation of an embryonic tracheal inducer in decaying branches directs outgrowth of progenitors 
that replace them. This explains how the structure of a newly generated tissue is coordinated with that 


of the old. 


any adult stem cells reside in specific 

anatomical locations, or niches, and are 

activated during tissue homeostasis and 
after injury (/—4). Although considerable effort 
has been made to identify factors that control 
stem cell proliferation and differentiation, how 
stem or progenitor cells move out of the niche 
and how they form new tissue are not well un- 
derstood (4-6). Tissue formation in mature 
animals faces challenges not present in the em- 
bryo (7, 8). The new cells migrate longer dis- 
tances and navigate around and integrate into a 
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complex milieu of differentiated tissues. In this 
work, we investigated the substratum and signals 
that guide Drosophila tracheal imaginal progen- 
itor cells into the posterior during metamorphosis 
to form the pupal abdominal tracheae (PAT) that 
replace the posterior half of the larval tracheal 
system (tracheal metameres Tr6 to Tr10), which 
decays at this time (9, /0) (Fig. 1A). 

The PAT extend from the transverse con- 
nective (TC) branches in Tr4 and TrS5 (Fig. 1A). 
Each PAT consists of a multicellular stalk with 
many secondary branches, each of which has 
dozens of terminal cells that form numerous fine 
terminal branches (tracheoles) (/0). There are 
two known tracheal progenitor populations at 
metamorphosis: dedifferentiated larval tracheal 
cells and spiracular branch (SB) imaginal tra- 
cheal cells set aside during embryonic tracheal 
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Fig. 1. Progenitor outgrowth during Drosophila tracheal metamorphosis. 
(A) Air-filled trachea (reflected light) (left) and schematics (right) in L3 larva and 
pupa ~13 hours after puparium formation. Tr, tracheal metamere; DB, dorsal 
branch; LT, lateral trunk; VB, visceral branch. Circles denote spiracles. Tracheal 
branches in the posterior (Tr6 to Tr10) are lost (dashed lines) during metamorphosis 
and are replaced by PAT from Tr4 and Tr5. (B to E) Fluorescence micrographs and 
schematics of Tr5 of ppk4-Gal4>UAS-GFP; btl-RFP-moe larva of the indicated ages 
stained to show activated tracheal progenitors (anti-RFP, red), larval tracheal cells 
(anti-GFP, green), and nuclei (4’,6-diamidino-2-phenylindole, blue). BPF, approx- 
imate time before puparium formation; W3L, wandering third-instar larva. (B) 
Quiescent progenitors in a Tr5 SB niche. Progenitors are also present in the SB niche 
of Tr2 to Tr4 and Tré to Tr9, but only those in Tr4 and Tr5 are activated to form PAT. 
P6 to P10, progenitors 6 to 10; the other five progenitors (P1 to P5) are shown in fig. 


Fracheal cells 


S1A. NE, niche exit site (SB-TC junction). (C) Activated progenitors proliferating in 
the niche. (Inset) Progenitors near the niche exit site (dash), which have begun 
expressing btl-RFP-moe (red). (D) Progenitors exiting the niche. btl-RFP-moe expres- 
sion increases and ppk4>GFP decreases as progenitors leave the niche and migrate 
dorsally along TC branches. Arrowhead, progenitor migration front. (E) Progenitors 
paused at the DT (arrowhead). Several progenitors have extended onto the VB 
(arrow). (F to J) Schematics and micrographs [as in (B) to (E)] of trachea (Tr4 to Tr9) 
of pupa of indicated ages APF. Paused progenitors (F) move onto the DT and turn 
posteriorly (G), extending along the DT (H and |) before ramifying into the PAT (J). 
Posterior tracheal branches start to collapse 9 hours APF and are fully collapsed and 
no longer conduct air by 13 hours APF. The larval cells die during metamorphosis 
(10), although we did not detect the apoptosis marker anticleaved caspase-3 during 
collapse (fig. $9). Scale bars: 100 um, (A) and (F) to (J); 50 um, (B) to (E). 


development (//—/4). Lineage tracing showed 
that PAT derive from imaginal progenitors (fig. 
S1, B and C). 

To determine how progenitors in Tr4 and Tr5 
reach the posterior, we used a bil-RFP-moe transgene 
(15) (REP, red fluorescent protein) to label activated 
progenitor cells, and ppk4>GFP (16) (GFP, green 
fluorescent protein) to label larval tracheal branches 
(fig. S2A). Before metamorphosis, there are 7 to 10 
quiescent progenitor cells in each SB niche (Fig. 1B 
and fig. S1A) (//, 73). In early third larval instar 
(L3), progenitors proliferate but remain in the niche 
(Fig. 1C). Later in L3, progenitors leave the niche, 
moving onto the larval TC branches toward the 
dorsal trunk (DT) (Fig. 1D), while progenitors 
within the niche continue to proliferate (73). Pro- 
genitors in other metameres also proliferate but do 
not move out of the niche (fig. S2B). Migrating 
progenitors in Tr4 and Tr5 crawl along the basal 
surface of larval tracheal cells, with cytoplasmic 
projections emanating from cells at the leading 
edges of the progenitor cluster (fig. S3C). Progen- 
itors maintain epithelial polarity and a lumen 
continuous with the SB and TC branches, forming 
a saclike structure (fig. S3, A and B) (9). By 
wandering L3, progenitors reach the DT (Fig. 1E), 
where they pause (~12 hours) until the onset of 
puparium formation (Fig. 1F). 

Around 1 hour after puparium formation (APF), 
progenitors move onto the DT and turn posteri- 


www.sciencemag.org SCIENCE VOL 343 


Fig. 2. Progenitor out- 
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FGFR. (A) PAT progeni- 8 80. / © Partial (1) 
tor migration in a control Ss 2) @ Minimal (Il) 
esg’?*’-Gal4, UAS-GFP/ © 60: at Noval 
act5c>Y>Gal4, UAS-GFP; S 40. 
UAS-FLP pupa 6 hours APF 32 
at 18°C with progenitors 20 - 
marked with GFP (green) 0 
and tracheal lumens stained - + DN-bt! 
(red). Brackets show posi- 
tion of progenitor migration n=95 44 
front in the four phenotypic 100; ==] [J Normal 
classes (0, |, II, Ill) scored in ® 80- -| EJ Partial 
control and in esq””7-Gal4, S Minimal 
UAS-GFP/act5c>Y>Gal4, e907 None 
UAS-GFP; UAS-FLP/ UAS-DN- 5 401 
btl pupae, in which dominant- ae 
negative breathless (DN-btl) 205 | 
is selectively expressed in 0) 

- + DN-btl 


progenitors. Examples of 
each phenotypic class can 
be found in fig. S5, A to D. Arrowhead, progenitor migration front. The graph at right shows quantification. n, 
number of branches. (B) PAT formation in control (top) and DN-btl pupae (bottom) as above, except 
reared for 1 to 2 additional days to allow formation of mature, air-filled pupal tracheae (reflected light). 
No PAT have formed in the DN-btl pupa. The graph shows quantification, with phenotypes classified as in 
fig. S5, E to H. Scale bars, 100 um. 


orly (Fig. 1G). Posterior migration continues for 
9 hours, extending half the animal’s length (~0.8 mm) 
past Tr9 (Fig. 1, H to J). Live imaging showed 


that progenitors move at ~1.7 um/min, crawling 
along and wrapping around the DT as they migrate 
(movie S1). 
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Differentiation begins as progenitors migrate. 
At the beginning of puparium formation (0 hours 
APF, Fig. 1F), a subset of progenitors that have ex- 
ited the niche begins to express the terminal cell 


A bni>GFP reporter expression W3L 


4.5 hr APF 45 


7.5 ht APF 


9 hr APF 


master regulator Pruned SRF (serum response factor) 
(77), initiating cell specialization (fig. S4A). As 
progenitors migrate along the DT, budlike struc- 
tures composed of Pruned-expressing cells are 
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Fig. 3. Expression and requirement of branchless 
FGF during progenitor outgrowth. (A) branchless 
reporter expression during progenitor outgrowth vi- 
sualized by GFP immunostaining (white) of UAS-GFP; 
bnl-Gal4 NP221Y/ btl-RFP-moe larvae and pupae of in- 
dicated ages. Reporter expression dynamically expands 
along the progenitor outgrowth path, initially turning on 
in isolated larval cells in each area. Arrowheads denote 
furthest detected reporter expression. (B and C) Quan- 


tification (as in Fig. 2) of progenitor migration 3 hours APF (B) and PAT formation (C) phenotypes in 
control (ppk4-Gal4, UAS-GFP; btl-RFP-moe) and ppk4-Gal4, UAS-GFP, btl-RFP-moe/ UAS-bnl RNAi pupae, 
in which bnl was inactivated in larval tracheal cells. For examples of the phenotypic classes, see fig. S7, A 
and B. (D) Frames at indicated times (hours:minutes) APF from live imaging of an act5c>Y>Gal4, UAS- 
GFP/ UAS-FLP; prd-Gal4, btl-RFP-moe/ UAS-bnl RNAi pupa in which bnl expression was inactivated in a DT 
patch (brackets). Tr5 progenitors (btl-RFP-moe) exit the niche (dashes) and move onto the DT but never 


pass the patch. Scale bars, 100 um. 
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detected at the tips of progenitor clusters, whereas 
Pruned-negative cells form the stalks of new trachea 
(fig. S4B). By 6 hours APF, Pruned-expressing 
progenitors in the tips adopt an elongated and 
differentiated morphology (fig. S4, C and D), 
flattening along the DT as they extend further 
posteriorly (movie $1). Around 13 hours APF, the 
PAT mature and fill with gas as posterior tracheal 
branches collapse (Fig. 1, A and J). 

What guides tracheal progenitors on their 
stereotyped path along specific branches of the 
larval tracheal system? Expression of breathless 
(btl) FGFR (fibroblast growth factor receptor) is 
induced in PAT progenitors (//, 73), as shown by 
the bil-RFP-moe reporter (Fig. 1, B to J). We 
tested whether the Btl pathway, which directs 
tracheal branch outgrowth in embryos (/8—20) and 
larvae (2/) and induces adult air-sac primordium 
formation (22), is involved. Expression of dominant- 
negative Btl FGFR (/9) in the progenitors and 
their descendants (23) blocked migration and 
diminished or eliminated PAT formation (Fig. 2 
and fig. S5). To determine the source of the only 
known Btl ligand, Branchless (Bnl) FGF (20), we 
used a bni reporter, bni-Gal4 enhancer trap line 
NP2211 (24) driving UAS-GFP. Unlike previ- 
ously described examples of tracheal outgrowth 
(20-22), bni was not expressed in surrounding 
tissue. Instead, it was expressed within the tra- 
cheal system, specifically by larval tracheal cells 
along which progenitors migrate. The expression 
pattern is dynamic and precise, almost perfectly 
matching the positions and timing of progenitor 
migration (Fig. 3A and fig. S6A). In L3 animals, 
when progenitors are observed along the TC 
branches, bn/>GFP was expressed in TC larval 
cells in Tr4 and Tr5, but not in other metameres. 
Shortly after puparium formation, when PAT pro- 
genitors turn to migrate toward the posterior, DT 
larval cells in the segment just posterior to PAT 


I Old tissue 
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Fig. 4. Effect of ectopic bn! on progenitor mi- 
gration. Tracheal progenitors (red, anti-RFP) in 
Tr4 or Tr5 [(A) to (F)] and Tr8 [(G) and (H)] of con- 
trol (dfr-FLP/ act5c>Y>Gal4, UAS-GFP; btl-RFP-moe) 
and experimental (dfr-FLP/ act5c>Y>Gal4, UAS-GFP; 
bt-RFP-moe/ UAS-bnl) wandering third-instar larvae 
showing control clones of larval tracheal cells express- 


ing GFP alone (green) [(A) and (G)] or experimental clones expressing GFP and ectopic bni FGF [(B to F) and (H)]. Blue, tracheal lumen (Alexa Fluor 350-conjugated 
wheat germ agglutinin). Arrowheads denote progenitor migration fronts. (A) Progenitors have exited the niche and reached the TC-DT junction (arrowhead). Control 
clones (green) have no effect. (B) Some progenitors have exited the niche in the wrong direction along TC branches (open arrowhead), extending toward the bnil- 
expressing clone ventral to the niche exit. Other progenitors (solid arrowhead) have exited the niche normally toward DT. (©) Progenitors have prematurely moved onto 
DT, extending toward a single larval DT cell expressing bn. (D) Inappropriate anterior migration of progenitors along DT (arrowhead) toward the bnl-expressing clone. (E) 
Bifurcation of progenitor cluster (arrowheads) toward a pair of bnl-expressing clones located anterior and posterior to the TC-DT junction. (F) Bifurcation (arrowheads) 
where progenitors extend to fill the shape of a large bni-expressing clone (open arrowhead). (G) Progenitors in Tr8 (as well as Tr3 and Tré to Tr9) normally remain within 
the niche and are unaffected by control clones. (H) Tr8 progenitors exit the niche toward a clone of bni-expressing cells on TC branches. Scale bars [(A) to (H)], 100 jm. 
(I) Model of progenitor outgrowth guided by a signal produced by decaying tissue (green). Progenitors (red) are attracted to and form new tissue at the site of decay. 
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progenitors express bn/>GFP. As progenitors 
continue along the DT, DT larval cells activate 
bnI>GFP expression one segment at a time 
from anterior to posterior, matching progenitor 
movement. 

This dynamic bul expression along the migra- 
tion path is required for progenitor outgrowth. Knock- 
down of bn expression by RNA interference (RNAi) 
in larval tracheal cells blocked migration and 
resulted in diminished or absent PAT (Fig. 3, B 
and C; fig. S7, A to C; and movie S2). Mosaic 
expression of bn/ RNAi in small patches along the 
path (23) also arrested migration, so long as the 
patch encompassed the full DT circumference (Fig. 
3D; fig. S7, D and E; and movies S3 and S4). Thus, 
Bnl is required all along the migration path, and the 
signal does not cross even short gaps. 

Ectopic bn/ expression in GFP-labeled clones 
of larval tracheal cells induced by dfr-FLP (23) 
redirected progenitor migration. Depending on 
the location of the clones, ectopic bn/ caused in- 
correct exit from the niche, premature entry onto 
the DT, or wrong turns on the DT (Fig. 4, B to D). 
Dual clones induced bifurcation with groups of 
progenitors moving toward each ectopic bnl source 
(Fig. 4E). Clones in Tr3 and posterior metameres 
caused progenitors in these regions to leave the 
niche, even though they do not normally do so 
(Fig. 4, G and H, and fig. S8, D and E). When 
there was a large clone, progenitors migrated 
throughout the clone (Fig. 4F), implying that pro- 
genitors do not require a gradient and will spread 
to cover an entire region of cells expressing 
bnl at equivalent levels. When bn/-expressing 
clones failed to induce migration, the clones 
appeared to be too far from the progenitors or 
there was competition from another clone close 
by (fig. S8, A and B). Ectopic bnl expression 
within the progenitor cluster arrested migration 
(fig. S8C). 

The results show that the embryonic tracheal 
inducer Bnl FGF guides tracheal progenitors out 
of the niche and into the posterior during tracheal 
metamorphosis. The source of Bnl is the larval 
tracheal branches destined for destruction, which 
serve both as the source of the chemoattractant 
and as the substratum for progenitor migration. 
Several days earlier in embryos, these larval tra- 
cheal branches were themselves induced by Bnl 
provided by neighboring tissues. But after em- 
bryonic development, most tracheal cells, including 
those in the decaying larval branches, down- 
regulate bt] FGFR expression (fig. S2A) and thus 
do not respond to (or sequester) the Bnl signal 
they later express. One of the most notable as- 
pects of this larval Bnl is its exquisitely specific 
pattern in decaying larval branches, which pres- 
ages progenitor outgrowth. It is unclear how Bnl 
expression is controlled, though it does not ap- 
pear to require signals from migrating progenitors 
because the bn/ reporter expression front progressed 
normally when progenitor outgrowth was stalled by 
a tracheal break (fig. S6C). Perhaps expression of 
Bnl involves gradients in the tracheal system or 
spatial patterning cues established during embry- 
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onic development in conjunction with temporal 
signals mediated by molting hormones. 

Because the signal guiding progenitor migra- 
tion is provided by tracheae destined for destruc- 
tion, progenitors become positioned along the 
larval branches they replace (Fig. 41). Perhaps 
during tissue repair and homeostasis, recruitment 
of adult stem or progenitor cells from the niche is 
similarly guided by signals from decaying tissue, 
thereby ensuring that new tissue is directed to the 
appropriate sites. 
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Mutational Analysis Reveals the 
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Tumor recurrence is a leading cause of cancer mortality. Therapies for recurrent disease may fail, at least 
in part, because the genomic alterations driving the growth of recurrences are distinct from those in 
the initial tumor. To explore this hypothesis, we sequenced the exomes of 23 initial low-grade gliomas 
and recurrent tumors resected from the same patients. In 43% of cases, at least half of the mutations 
in the initial tumor were undetected at recurrence, including driver mutations in 7P53, ATRX, SMARCA4, 
and BRAF; this suggests that recurrent tumors are often seeded by cells derived from the initial tumor at a 
very early stage of their evolution. Notably, tumors from 6 of 10 patients treated with the chemotherapeutic 
drug temozolomide (TMZ) followed an alternative evolutionary path to high-grade glioma. At recurrence, 
these tumors were hypermutated and harbored driver mutations in the RB (retinoblastoma) and Akt-mTOR 
(mammalian target of rapamycin) pathways that bore the signature of TMZ-induced mutagenesis. 


he genetic landscape of tumors is contin- 

| ually evolving, which can be an impedi- 
ment to the clinical management of cancer 
patients with recurrent disease (/, 2). In contrast 


to the clonal evolution of hematological malig- 
nancies (3, 4) and solid tumor metastases (5—7), 


the local regrowth of solid tumors after surgery 
occurs under a unique set of evolutionary pres- 
sures, which are further affected by adjuvant ther- 
apies. Through the acquisition of new mutations, 
residual tumor cells can progress to a more ag- 
gressive state. Grade II astrocytic gliomas are 
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particularly troublesome from this perspective. Al- 
though surgery is the standard of care, these inva- 
sive brain tumors typically recur (8). Many remain 
grade II at recurrence, while others progress to a 
higher histological grade with a poor prognosis 
(9). The incidence and timing of malignant pro- 
gression are variable and unpredictable (8). 

We undertook genome sequence analysis of 
initial and recurrent human gliomas to address 
two questions: (i) What is the extent to which mu- 
tations in initial tumors differ from their subsequent 
recurrent tumors? (11) How does chemotherapy 
with temozolomide (TMZ), a drug commonly used 
in the treatment of glioma, affect the mutational 
profile of recurrent tumors? We sequenced the 
exomes of 23 grade II gliomas at initial diagnosis 
and their recurrences resected from the same pa- 
tients up to 11 years later (table S1). We selected 
initial tumors of predominantly astrocytic histology 
that capture the full spectrum of glioma progres- 
sion (histological grade II to IV at recurrence) and 
adjuvant treatment history. Tumor and matched nor- 
mal DNA were sequenced to an average 125-fold 
coverage, enabling the sensitive detection of mutations 
down to a 10% variant frequency, small insertions 
and deletions, and DNA copy number alterations 
(CNAs) (Fig. 1A and tables S2 and S3) (/0). 

We identified an average of 33 somatic cod- 
ing mutations in each initial tumor, of which an 
average of 54% were also detected at recurrence 
(shared mutations) (Fig. 1A). The shared muta- 
tions included those in JDH7, TP53, and ATRX in 
most but not all cases (fig. S1) (2/—/3). All other 
somatic mutations were identified only in the 
initial tumor or only in the recurrent tumor from a 
given patient (private mutations) and thus pre- 
sumably arose later in tumor evolution. For ex- 
ample, mutations in SMARCA4 were private to 
the initial or recurrent tumor in six of seven pa- 
tients and therefore may confer a selective advan- 
tage in the context of preexisting early driver 
events (/4, /5). Overall, the initial and recurrent 
gliomas displayed a broad spectrum of genetic 
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relatedness (fig. S2 and table S4). At one end of 
this spectrum were four patients whose tumors 
showed a pattern of linear clonal evolution; we 
infer that the recurrent tumors in these patients 
were seeded by cells bearing >75% of the mu- 
tations detected in the initial tumors (as in patient 
27, Fig. 1B). At the other end of the spectrum, 
tumors from three patients showed branched clonal 
evolution; we infer that the recurrent tumors in 
these patients were seeded by cells derived from 
the initial tumor at an early stage of its evolution, 
as the recurrent tumors shared <25% of mutations 
detected in the initial tumors. Patient 17 was an 
extreme example of branched clonal evolution, 
as the initial and recurrent tumors shared only the 
IDHI R132H (Arg'*” > His) mutation (Fig. 1C). 
This further implicates DH/ mutations as an ini- 
tiating event in low-grade gliomagenesis (/2). 
Indeed, JDH/ mutation was the only shared mu- 
tation in every patient—an observation that 
supports the current interest in IDH1 as a therapeutic 
target (16). Paired tumors from the remaining 16 
patients formed a continuum between linear and 
branched clonal evolution. Together, these data 
illustrate the extent to which genetically similar 
low-grade gliomas diverge after surgical resection, 
and suggest that recurrences may emerge from 
early stages in the evolution of the initial tumor. 

Many solid tumors, including glioblastoma 
(GBM), display intratumoral heterogeneity (/7, 18). 
For example, geographically distinct parts of the 
tumor may have different mutations. Intratumoral 
heterogeneity could be a confounding factor in 
estimates of genetic divergence when only one 
relatively small fraction of'a tumor is sampled. To 
explore the extent of intratumoral heterogeneity 
in our cases, we first analyzed the BRAF V600E 
(Val®°° — Glu) mutation that was subclonal in 
the initial tumor of patient 18 and undetectable in 
the recurrent tumor by either exome sequencing 
or droplet digital polymerase chain reaction (PCR) 
(Fig. 1D and fig. S3) (0). BRAF V600E was 
present in three of six additional samples from 
geographically distinct regions of the initial tu- 
mor, whereas seven additional samples of the re- 
currence all lacked this mutation. These results 
suggest that the BRAF-mutant clone did not ex- 
pand, despite the proliferative advantage typically 
conferred by this mutation. Such a finding con- 
trasts sharply with the selection and outgrowth of 
subclonal drivers during the evolution of chronic 
lymphocytic leukemias (3). 

Beyond the actionable BRAF mutation, we 
sequenced the exomes of additional, geographi- 
cally distinct samples from three cases to further 
determine the extent to which apparently private 
mutations might be misclassified because of in- 
tratumoral heterogeneity. In patient 17, for whom 
all mutations except /DH/ were private, intra- 
tumoral heterogeneity was observed in the initial 
and recurrent tumor. From the mutational pro- 
files, however, we inferred that three samples of 
the initial tumor and four samples of the recur- 
rence all derived from a common tumor cell of 
origin that possessed only an JDH/7 R132H mu- 


tation (Fig. 2A and table S5). Moreover, the 
recurrent tumor contained driver mutations in 
TP53 and ATRX distinct from those observed in 
the initial tumor. We found no evidence of these 
new 7P53 or ATRX mutations in the initial tumor 
at allele frequencies of ~0.1% (figs. S3 and S4), 
implying convergent phenotypic evolution (5) 
via a strong ongoing selection for loss of these 
genes. The initial and recurrent tumors likely did 
not arise independently, as they also shared three 
somatic noncoding mutations (fig. S5). Thus, the 
initial and recurrent tumors were only distantly 
related and, despite the local and relatively rapid 
recurrence (fig. S6), exonic mutations other than 
IDH1 R132H were only transiently present dur- 
ing the course of this patient’s disease. Finally, 
we sequenced the exomes of additional distinct 
samples of the initial and recurrent tumors from 
patients 26 and 27, broadening our assessment of 
the impact of intratumoral heterogeneity on the 
reported genetic divergence. We found that only 
a small minority of private mutations were ac- 
tually shared events (7%; table S3) (10). Intra- 
tumoral heterogeneity therefore could not explain 
the majority of the genetic divergence between 
the initial and recurrent tumors in our cohort, 
including the driver mutations in initial tumors 
that were undetected in their recurrence. 

To investigate whether sequential recurrences 
from a single patient could each be traced to the 
same evolutionary stage of the initial tumor, we 
sequenced the exomes of the second and third 
recurrent tumors from patient 04 and constructed 
a disease phylogeny by clonal ordering (Fig. 2B, 
fig. S7, and table S5) (5, 79). The initial tumor 
and three sequential local recurrences were clonally 
related, as indicated by the shared phylogenetic 
branch containing early driver mutations in /DH1 
and 7P53. We infer that the tumor cells seeding the 
second recurrence branched off from the initial 
tumor at a slightly earlier evolutionary stage than 
the cells seeding the first recurrence. In contrast, the 
third recurrent tumor was a direct outgrowth of the 
second recurrence. These results show that branched. 
and linear patterns of clonal evolution occurred at 
differing times in the same patient and are there- 
fore not intrinsic properties of the tumor. 

Beyond maximal, safe, surgical resection, there 
is currently no standard of care for patients with 
low-grade glioma; options include surveillance, 
adjuvant radiation alone, TMZ alone, or radiation 
and TMZ. TMZ is an alkylating agent that in- 
duces apoptosis in glioma cells and is sometimes 
used to defer or delay the use of radiation. How- 
ever, there is currently no information on whether 
treatment of grade II astrocytomas with TMZ 
confers longer overall survival (8). Because TMZ 
is also mutagenic (20), we sought to determine 
how adjuvant chemotherapy with TMZ affects 
the mutational profile of recurrent tumors by 
comparing the initial low-grade gliomas to their 
recurrence after treatment. Although the initial 
tumors and most of the recurrent tumors in our 
cohort had 0.2 to 4.5 mutations per megabase 
(Mb) (2/, 22), 6 of the 10 patients treated with 
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TMZ had recurrent tumors that were hypermu- 
tated; that is, they harbored 31.9 to 90.9 muta- 
tions per Mb (table S6). Overall, 97% of these 
were C>T/G>A transitions predominantly occur- 
ring at CpC and CpT dinucleotides, which is a 
signature of TMZ-induced mutagenesis distinct 
from nonhypermutated tumors (fig. S8) (20, 22, 23). 
We classified C>T/G>A transitions in each hy- 
permutated tumor as TMZ-associated if they 
were undetected in the matched initial tumor, 
which was resected before TMZ treatment (Fig. 
3A). Although it is difficult to definitively at- 
tribute any single mutation to TMZ exposure, 
comparing the C>T/G>A mutation rates in each 
tumor pair suggested that >98.7% are due to 
TMZ-induced mutagenesis (/0). To determine 
whether intratumoral heterogeneity in initial tu- 
mors resulted in the misclassification of some 
mutations as TMZ-associated, we sequenced the 
exomes of three additional geographically distinct 
samples of the untreated initial tumor from patient 
18. For mutations classified as TMZ-associated, 
sequencing reads with the mutation were rare in 
the additional exomes and were found at rates no 
higher than expected by chance (1.7 + 0.08%; P= 
0.5, Wilcoxon rank-sum test) (/0), further suggest- 
ing that they are induced by TMZ. 

Resistance to TMZ develops in part through 
the acquisition of mutations that inactivate the DNA 


mismatch repair (MMR) pathway. MMR pathway 
dysfunction and continued TMZ exposure can in 
turn result in hypermutation (22-25). Indeed, we 
found that hypermutated tumors acquired somatic 
mutations in MMR genes that were not detected in 
their initial tumors, as well as aberrant DNA meth- 
ylation of O°-methylguanine-DNA methyltransferase 
(MGMT) (fig. S3, fig. S9, and table S1). 

The introduction of thousands of de novo 
mutations may drive the evolution of TMZ- 
resistant glioma cells to higher states of malig- 
nant potential (/, 23). Indeed, all six recurrent 
tumors that showed evidence of TMZ-induced 
hypermutation underwent malignant progression 
to GBM, a high-grade tumor with a worse prog- 
nosis (8, 9). To investigate this hypothesis and to 
identify TMZ-associated mutations that may drive 
the outgrowth of GBM from low-grade glioma, 
we focused on the RB and Akt-mTOR signaling 
pathways, which are associated with high-grade 
gliomas (Fig. 3B) (22, 26-28). In each hypermutated 
recurrence, TMZ-associated mutations affected 
genes coding for essential signaling molecules 
in these two pathways. For example, in the RB 
pathway we identified a TMZ-associated RB1 
c.2520+1G>A splice-site mutation found previ- 
ously in the germ line of patients with hereditary 
retinoblastoma (29, 30). Transcriptome sequenc- 
ing confirmed that this mutation triggered aber- 


rant splicing, premature termination, and loss of 
the RB1 C-terminal domain necessary for growth 
suppression (Fig. 3C) (3/). Recurrent tumors from 
patients 05 and 10 each had a TMZ-associated 
CDKN24 Pro''* — Leu mutation, which prevents 
pl6'**4 protein encoded by this gene from in- 
hibiting CDK4 or inducing cell cycle arrest (32). 
The same mutation has been reported in other 
tumor types (33) and in the germ line of patients 
with familial melanoma (34). Gene set enrich- 
ment analysis further confirmed the deregulation 
of RB1-mediated cell cycle control upon tumor 
recurrence (Fig. 3D), which suggests that TMZ- 
associated mutations compromise the function of 
the RB tumor suppressor pathway. 

We also investigated TMZ-associated muta- 
tions that may activate the Akt-mTOR signaling 
pathway. We identified a TMZ-associated muta- 
tion (PIK3CA Glu? — Lys) in the recurrent 
tumor of patient 18 that drives Akt hyperactiva- 
tion and induces mTOR-dependent oncogenic 
transformation (35). Similarly, the TMZ-treated 
second recurrence of patient 24 had TMZ-associated 
mutations in PTEN (Ala'?! — Thr and Gly'® > 
Arg) at residues critical to its phosphatase activity 
(36) that are recurrently mutated in GBM (33). 
Finally, we validated in vitro that a TMZ-associated 
MTOR 82215F (Ser™”!> — Phe) mutation in the 
recurrent tumor of patient 01 was constitutively 


Fig. 3. Recurrent tumors 
9 : A Biassacaen 5B we o 
from patients treated mone: Grade of recurrence Vv qn en 
with TZ harbor genet- 25004 pe 24* 01 05 21 18 10 17 25 08 09 04*02 12 26 27 28 29 06 11 15 07 13 16 
ic alterations in the RB > ppira 
and Akt-mTOR signaling — 2 55901 E ERBB2 
pathways. (A) Numbers a MTOR 
3 = | [4 NF1 
of TMZ-associated muta- E se © pnGFRA 
: : 7 | 
tions and other mutations = E PIK3CA | 
identified in the six pa- § Pia 
tients with hypermutated ‘5 1000 + 
recurrent tumors. (B) So- 2 > CCND1 Dl 
matic mutations and CNAs 3 5004 2 CDKN2A 
:  CDK4 7 el 
acquired upon recurrence Epa 
in key genes of pathways 7 © RBI 
associated with GBM. (C) Grade! IH VW Wt Vv iW WW Hypermutated tumors Bi Mutation (TMZ-associated) _ Heterozygous loss 
is Patient 24 01 05 21 18 10 © Mutation (other) i Focal amplification 
Expression level of RBI at * Includes all recurrences 
each exon and exon-exon c 8 E 
junction in the initial and > 
recurrent tumor of patient = 6 
01 showing aberrant splic- 6 «| See 
ing of the RB1 transcript in 3 MTOR S2215F 
2 e19 e20b_ e22 e28b 
the recurrent tumor harbor- 3 2)-eSHEIHEHIHHiCaa om 
ing the RBI c.2520+1G>A c252041G2A 
splice-site mutation. The pp ss Paimomneuk 
RB1 exon and exon junc- woe : 
. . . ora . ® V- 
tions with significant dif- S044 [pi6lvKda E2F-regulated MTOR wi 
ferential usage (red) and Zoa, JPM4t ee 
the location of the splice- £02 
5 0.1 


site mutation are shown. 2 


q-value < 0.001 


(D) Gene set enrichment 
analysis shows significant 
enrichment of genes down- 


regulated by RB1 and up-regulated by £2F in the recurrent tumors of 
patients 01 (blue) and 10 (green), coincident with the acquisition of TMZ- 
associated mutations in the RB pathway. (E) Hematoxylin and eosin (H&E)— 
stained tumor sample from the first recurrent tumor of patient 01. A dotted 


LT 


Rank in ordered dataset 


line separates the two morphologically distinct regions. Immunohistochem- 
istry (IHC) for phospho-RPS6, phospho-4E-BP1, and Ki-67 shows differential 
activation of mTORC1 targets and proliferation rates in the two adjacent 
regions. Scale bars, 100 um. 


10 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


activating (fig. S10), similar to the previously 
identified MTOR Ser?!> — Tyr (37). Moreover, 
adjacent regions of this recurrence showed hetero- 
geneous mTOR complex 1 (mTORC1) activity 
(Fig. 3E and fig. S11). Microdissection revealed 
that although these adjacent regions shared a 
subset of the mutations found in the initial tumor, 
MTOR S82215F and other TMZ-associated muta- 
tions were present only in the region that stained 
strongly for mTORC1 activation, which also had 
higher staining of the proliferation marker Ki-67, 
implying that the TMZ-associated mutations con- 
ferred a proliferative advantage. A distal second 
recurrence harbored the same TMZ-associated 
mutations and stained strongly and homogeneous- 
ly for mTORC1 targets (fig. S12). Although both 
regions of the first recurrence were GBM, the 
hypermutated subclone underwent in vivo selec- 
tion, invaded distally, and seeded the second recur- 
rence (figs. S13 and $14). Across our cohort, 
Akt-mTOR pathway mutations corresponded with 
elevated phospho-4E-BP1 and RPS6 in vivo, in- 
dicating hyperactivated mTORC1 in recurrent 
GBMs relative to their initial tumors (fig. S12). 

There was no evidence that the mutations in 
the RB and Akt-mTOR signaling pathways pre- 
ceded TMZ treatment, according to analysis of 
additional geographically distinct samples of ini- 
tial tumors from four of the six patients with 
hypermutated recurrent tumors (table $7). Non- 
hypermutated recurrent tumors that progressed to 
GBM also acquired genetic changes in these signal- 
ing pathways, but through alternative mechanisms. 
In contrast, none of the grade II-III recurrences 
acquired mutations in these pathways. These data 
suggest a connection among TMZ treatment, driver 
mutations in oncogenic signaling pathways, and 
malignant progression. 

Through direct comparison of the genomic 
landscape of gliomas at initial diagnosis and re- 
currence, we were able to infer the mutational 
character of the infiltrating tumor cells that give 
rise to recurrence and that adjuvant therapy with 
TMZ is intended to eliminate. Recurrences did 
not typically arise from cells bearing the full set 
of mutations found in the initial tumor, as would 
be expected from a local recurrence in the ab- 
sence of selective pressure from adjuvant chemo- 
therapy. This finding complicates the use of tumor 
genomics to design precision therapies targeting 
residual disease. We also demonstrated an alter- 
native evolutionary path of low-grade glioma that 
is largely determined by adjuvant chemotherapy 
with TMZ. This extends earlier studies of pri- 
mary GBMs (23, 25), unpaired recurrent tumors 
(22), and a cell culture model (20). Future basic 
and clinical studies must weigh the initial anti- 
tumor effects of TMZ against the potential risk of 
inducing new driver mutations and malignant 
progression. Ultimately, a better understanding of 
the invading cells that give rise to recurrent 
tumors and the effect of adjuvant therapeutics on 
their evolution will facilitate the development of 
new strategies to delay or prevent recurrence and 
malignant progression. 
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Single-Cell RNA-Seq Reveals 
Dynamic, Random Monoallelic Gene 
Expression in Mammalian Cells 


Qiaolin Deng,?* Daniel Ramskéld,”2* Bjérn Reinius,”? Rickard Sandberg”“+ 


Expression from both alleles is generally observed in analyses of diploid cell populations, but studies 
addressing allelic expression patterns genome-wide in single cells are lacking. Here, we present global 
analyses of allelic expression across individual cells of mouse preimplantation embryos of mixed background 
(CAST/Ei] x C57BL/6)). We discovered abundant (12 to 24%) monoallelic expression of autosomal genes and 
that expression of the two alleles occurs independently. The monoallelic expression appeared random 

and dynamic because there was considerable variation among closely related embryonic cells. Similar 
patterns of monoallelic expression were observed in mature cells. Our allelic expression analysis also 
demonstrates the de novo inactivation of the paternal X chromosome. We conclude that independent and 
stochastic allelic transcription generates abundant random monoallelic expression in the mammalian cell. 
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selected, allele (allelic exclusion) (/—3). Analyses 
of clonally amplified lymphocytes by using single- 
nucleotide polymorphism (SNP)-sensitive micro- 
arrays revealed that 8% of human autosomal 
genes and 16% of mouse genes showed a type of 
random, monoallelic expression that was stably 
maintained during clonal expansion (4, 5). Further- 
more, parental-specific (imprinted) expression has 
been demonstrated for 1% of autosomal genes 
(6, 7) and, perhaps most strikingly, in the inac- 
tivation of one X chromosome in female cells (8). 
Although RNA fluorescent in situ hybridization 
(RNA-FISH) has been used to study a few indi- 
vidual genes (9, /0), little is known about general 
patterns of allelic expression in single cells. 

To investigate allele-specific gene expression 
at single-cell resolution, we isolated 269 individ- 
ual cells dissociated from in vivo Fl embryos 
(CAST/EiJ x C57BL/6J, hereafter abbreviated 
as CAST and C57, respectively) from oocyte to 
blastocyst stages of mouse preimplantation de- 
velopment (PD) (//). We generated transcrip- 
tome profiles with Smart-seq (/2) or Smart-seq2 
(13) from each individual cell (table S1 and fig. 
S1, A and B). Principal component analysis 
(PCA) clustered the cells by developmental stage 
and embryo, effectively reconstructing the dy- 
namics of PD (Fig. 1A). Next, using strain-specific 
SNPs (/4) to distinguish transcription from the 
maternal and paternal chromosomes (/5) we ob- 
served that 82% of all genes expressed during PD 
contained >1 informative SNP (fig. S1C) and that 
different SNPs within the same gene gave co- 
herent allelic calls (fig. S2). Because maternal 
RNA lingers from the oocyte (6), we expected 
the maternal genotype to dominate the zygotic 
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Fig. 1. Single-cell transcriptomes reconstruct 
preimplantation development. (A) Single-cell 
gene expression profiles projected onto the first 
two principal components. Cells from different stages 
and embryos are designated by colors and sym- 
bols. (B) The percentage (by mass) of maternal 
RNA observed in single-cell transcriptomes (black 
dots; median is in green) at different stages of de- 
velopment and in controls from pure maternal 
(CAST, red) and paternal (C57, blue) backgrounds. 
The eight-cell stage outlier cells with maternal bias 
are all from one embryo (supplementary text). 


transcriptome. Indeed, the zygote, and also the 
early two-cell, contained essentially only mater- 
nal RNA, but in the subsequent stages, the ma- 
ternal fraction gradually declined to reach parity 
with paternal transcripts at the four-cell stage 
(Fig. 1B), which is consistent with rapid maternal 
transcript clearance and zygotic genome activa- 
tion. As a control for the accuracy in alignments 
and SNP annotation, we analyzed individual cells 
of pure C57 or CAST background and found 
99.4 and 99.7% correctly classified reads, respec- 
tively (Fig. 1B). 

We next investigated the gene activation across 
paternal chromosomes. We found that genes on 
the paternal X chromosome (Xp) of female em- 
bryos were indeed transcriptionally activated sim- 
ilarly to those on paternal autosomes during a 
defined time window of the PD. Subsequent re- 
inactivation occurred first beyond the four-cell stage 
(Fig. 2A), demonstrating de novo Xp inactivation 
(/7, 18) rather than inheritance and propagation 
of a pre-inactivated Xp (/9). X chromosome in- 
activation initiates from the X-inactivation center 
(Xic), from which Xist is transcribed, and spreads 
in cis (18). Our data provided a high-resolution 
map of silencing over Xp at the four-cell, 16-cell, 
and early blastocyst stages (Fig. 2B) that sub- 
stantiates the observation of a silencing gradient 
(79) and demonstrated that the spread of Xp 
silencing is not a simple function of the distance to 
Xic (Fig. 2B, and escapee genes in fig. S3 and 
table S2). 

These findings gave us confidence in infer- 
ring biological signals from the allelic informa- 
tion in single-cell RNA sequencing (RNA-seq). 
To further explore allelic expression of autosomal 
genes, we classified their expression as biallelic, 
maternal monoallelic, or paternal monoallelic ac- 
cording to SNP-containing reads. Surprisingly, 
this revealed a great degree of monoallelic ex- 
pression (on average, 54% of genes) across all 
stages of PD (figs. S4 to S24). The monoallelic 


2nd component (6% of variance) 


1st component (13% of variance) 


calls were similar or more abundant than in avail- 
able RNA-FISH data (fig. S25) (9, 10). Because 
single-cell transcriptome methods suffer from 
stochastic losses of RNA species, it was neces- 
sary to determine to what extent random sampling 
effects inflate observed monoallelic calls. We there- 
fore lysed individual cells (from 8- or 16-cell em- 
bryos) and split the lysate into two equal volume 
fractions that were independently processed into 
sequencing libraries. Using the allelic calls from 
the split-pairs, we modeled the stochastic losses 
and inferred the underlying levels of biallelic and 
monoallelic expression in sets of genes binned 
by expression level (figs. S26 and S27). We esti- 
mated that 60% of all polyadenylated [poly (A)"] 
RNA molecules are lost in the Smart-seq2 protocol 
(Fig. 3A) (73) because inferred losses stabilized at 
levels equal to a single RNA molecule. This 
analysis uncovered coherent monoallelic expres- 
sion estimates across independent split-cell ex- 
periments with a median of 17% of genes (Fig. 3B). 
Although technical losses of RNA contributed as 
much as 66% of observed monoallelic expres- 
sion, this strategy allowed us to determine the 
underlying amount of biological monoallelic ex- 
pression in single cells. 

In subsequent analyses of monoallelic expres- 
sion, we focused only on transcripts expressed at 
sufficient abundances to be little influenced by 
random sampling, as determined in our control 
experiments (fig. S28). Exploring the levels of 
monoallelic expression among cells from the four- 
cell stage to the late blastocyst stage, we observed 
similar levels throughout the PD, with an average 
of 12 to 24% monoallelic expression for mRNAs 
(Fig. 3D) and 19 to 26% for noncoding poly(A)" 
RNAs. In contrast, consistent biallelic expression 
was observed for only a few hundred genes (table 
S3), often with housekeeping functions (4, 9). 
Allele classification of single-cell data of pure 
C57 and CAST background gave 97.3 and 99.5% 
correct monoallelic calls, respectively (Fig. 3D). 
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Pooling cells by embryo removed essentially all allelic expressions. We therefore concluded that a Pioneer studies on interleukin-4 (20, 2/) found 
monoallelic expression (Fig. 3E), demonstrating | dynamic type of random monoallelic expression __ transcription of the two alleles to occur indepen- 
a high degree of cell-specific randomness in mono- __ is abundant in blastomeres. dently, but it remained unknown whether such 


Fig. 2. De novo paternal X-chromosome inac- Females: Males: B 
tivation. (A) (Top) Average ratio of SNP-containing = X-chr me KC 

reads (paternal, C57; maternal, CAST) per auto- 
some or X chromosome in cells of embryos (male 
and female, separately) at stages of preimplan- 
tation development. Error bars denote SEM (n = 3 
to 28 cells), and P values were calculated using 
Student's t-test. (Bottom) Allele-resolution gene 
expression (RPKM) of Xist in cells from different 
developmental stages. Colors indicate embryos ac- 
cording to sex and allele-specific expression. Only 
stages for which female embryos were available are 
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level, using split-cell experiments as in (A). (C) 
Percent of genes with monoallelic expression in 8- or 16-cell stage embryo cells, from raw observations, individual split-cell experiments, and their median. Error 
bars denote 95% Cls. (D) Mean percent of genes with monoallelic expression across cells at each developmental stage for genes with mean expression >90 
RPKM per stage (fig. $28). Individual cell percentages are shown as black dots. (E) Mean percent of genes with monoallelic expression per embryonic stage, when 
pooling cells from the same embryo stage. Individual embryo percentages are shown as black dots. Colors and RPKM threshold are as in (D). (F) Mean fraction of 
cells (eight-cell stage) with biallelic expression for genes binned by their fraction of nondetected (silent) cells; error bars give SEM (n > 3 genes). The expected 
biallelic fraction was computed on the basis of either a model of independent allele activation or coordinated activation (22). (G) Mean ratio of total expression 
between cells with biallelic or monoallelic expression of the same genes. Error bars give SEM (n = 120 genes). 
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Fig. 4. Monoallelic expression in different ma- 
ture cell types. (A) The cumulative fraction of 


monoallelic expression as a function of the expres- 


sion levels for individual liver cells and at different 
dilutions. (B) Percentage of genes with monoallelic 
expression in individual cultured adult fibroblasts 
(C57 x CAST and CAST x C57) for genes with mean 


expression >20 RPKM per stage (fig. $28). 


independence applies on the genomic scale. Using 
our comprehensive allelic expression data for 
thousands of genes, we therefore investigated 
whether expression from the two alleles occurred 
independently of one another. Independent allelic 
expression would yield a specific relationship 
between the fraction of cells with biallelic, mono- 
allelic, or no expression (/0), which is different 
from scenarios of coordinated allelic expression. 
Markedly, the observed fraction of cells with bi- 
allelic expression followed the fraction expected 
under the independence model (Fig. 3F, eight- 
cell stage data, and fig. S29, all stages), demon- 
strating independent allelic transcription for genes 
across all expression levels, substantially extend- 
ing results on individual genes (20, 2/) to a 
global principle. Under independent allelic ex- 
pression, biallelic expression of a particular gene 
would on average result in twofold higher RNA 
copy numbers than would the same gene in cells 
in which the gene is monoallelically expressed 
because cells with biallelic expression have tran- 
scriptional output from two alleles. To test this 
hypothesis, we analyzed mean gene expression 
levels in cells with biallelic expression and in- 
deed observed them to be 2.0 + 0.1 times higher 
[95% confidence interval (CI), bootstrap] than 
the levels in cells with monoallelic expression at 
all developmental stages (Fig. 3G). Thus, both 
the allelic expression patterns and the expression 
levels point to independent allelic transcription. 
Because embryonic cells are uncommitted pro- 
genitors, it was important to determine whether 
abundant random monoallelic expression also 
occurs in mature cells. To this end, we investigated 
single-cell transcriptomes of in vivo liver cells 
(C57 x CAST), together with a control dilution 
series of RNA extracted from liver tissue (C57 
CAST) (Fig. 4A and fig. S30). The monoallelic 
expression levels in single liver cells were higher 
than sampling effects measured in control dilu- 
tions across all expression levels (Fig. 4B), and 
the fraction of true monoallelic calls increased 
with the expression threshold. We also profiled 
10 individual adult mouse fibroblasts (five from 
each reciprocal cross) and detected similar ran- 
dom monoallelic expression, on average 24% of 
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expressed genes per cell. We therefore conclude 
that random monoallelic expression is abundant in 
both embryonic and mature cells. 

In this study, we uncovered a stochastic pat- 
tern of monoallelic expression that differs from 
the stable allelic regulation of genomic imprint- 
ing and allelic exclusion (22, 23). It also differs 
from the stably maintained monoallelic expres- 
sion observed in clonal lymphoid cell populations 
(4, 5). Instead, the rapid expression dynamics that 
we uncovered in individual cells are consistent 
with models of transcriptional bursting (24). In 
each cell, independent bursts of transcription 
occur from both alleles over time, but RNA from 
only one allele is often present at any given time. 
Because stochastic losses of RNA substantially 
inflates naive estimates of allelic expressions, 
stringent controls such as split-cells and dilution 
series are of critical importance for accurate al- 
lelic expression analyses in single cells. It is likely 
that stochastic transcription of heterozygous alleles 
contributes to variable expressivity—phenotypic 
variation among cells and individuals of identical 
genotypes—which may have fundamental impli- 
cations for variable disease penetrance and se- 
verity (25-28). 
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Modular Organization of Axial 
Microcircuits in Zebrafish 


Martha W. Bagnall and David L. McLean* 


Locomotion requires precise control of spinal networks. In tetrapods and bipeds, dynamic regulation of 
locomotion is simplified by the modular organization of spinal limb circuits, but it is not known whether 
their predecessors, fish axial circuits, are similarly organized. Here, we demonstrate that the larval 
zebrafish spinal cord contains distinct, parallel microcircuits for independent control of dorsal and ventral 
musculature on each side of the body. During normal swimming, dorsal and ventral microcircuits are 
equally active, but, during postural correction, fish differentially engage these microcircuits to generate 
torque for self-righting. These findings reveal greater complexity in the axial spinal networks responsible 
for swimming than previously recognized and suggest an early template of modular organization for 


more-complex locomotor circuits in later vertebrates. 


nimals make effective progress through 

unpredictable environments by rapidly ad- 

Justing ongoing locomotor movements 
(/, 2). In limbed vertebrates, spinal microcircuits 
are organized into modules for efficient coordi- 
nation of joints, limbs, and trunk during locomo- 
tion (3, 4). However, it is unknown how the 
modular organization of complex spinal circuitry 
in tetrapods and bipeds could have arisen from 
the simpler, ancestral axial network of fish (5). 
Current models of axially based locomotion in 
fish engage left-right alternation circuits but do 
not include equivalent ipsilaterally organized mi- 
crocircuits akin to those seen in higher vertebrates 
(6). Instead, it is thought that differential activa- 
tion of dorsal and ventral musculature for be- 
haviors such as postural control is achieved by 
supraspinal descending commands (7). To address 
this gap, we explored whether axial circuitry in 
fish contains more complexity than previously 
recognized. 

In larval zebrafish, as with adults, swimming 
is produced by the left-right alternation of axial 
muscles activated in waves by segmentally it- 
erated pools of motor neurons (MNs). In each 
spinal hemisegment is a cohort of four early- 
developing “primary” MNs, whose axon arbori- 
zations collectively tile the dorsal and ventral 
musculature (Fig. 1H) (8, 9). Because all primary 
MNs exhibit identical recruitment patterns during 
swimming (9, /(0), there should be no confound- 
ing effects of speed-dependent differences on the 
configuration of their premotor circuits (//). Thus, 
current models would predict that they are em- 
bedded in a shared premotor network. 

To test this prediction, we performed voltage- 
clamp recordings from pairs of MNs during fic- 
tive swimming. As expected (/2, /3), all MNs 
received barrages of excitatory postsynaptic cur- 
rents (EPSCs) in phase with ipsilateral motor 
activity (Fig. 1A). To evaluate whether these 
barrages, which are synchronous on a large tem- 
poral scale (tens of ms), were derived from a shared 
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premotor network, we assessed whether they were 
also synchronous at a fine temporal scale (tens 
of us) (14). 
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In pairs of MNs innervating the same muscle 
quadrant, EPSCs during fictive swimming were 
indeed highly synchronous (Fig. 1B), as exempli- 
fied by an overlay of 100 consecutive EPSCs from 
one neuron and the associated EPSC-triggered 
average in the other (Fig. 1C). Unexpectedly, 
excitatory inputs to MN pairs innervating differ- 
ent muscle quadrants lacked synchrony at fine time 
scales (Fig. 1D), with accordingly small EPSC- 
triggered average responses (Fig. 1E). Analysis 
of all data revealed significantly larger EPSC- 
triggered averages for “in quadrant” (i.e., either 
dorsal/mid-dorsal or ventral/mid-ventral pairs), 
as opposed to “out-of-quadrant,” pairs (Fig. 1F). 
Similarly, a measure of event cross-correlation 
scores for the pooled data revealed a significant 
peak at 0 ms for in-quadrant versus out-of-quadrant 
pairs (Fig. 1G) (see also materials and methods 
and figs. S1 and $2). The low synchrony for 
out-of-quadrant pairs is incompatible with the 
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Fig. 1. Distinct excitatory microcircuits govern 
dorsal and ventral musculature. (A) (Top) Re- 
cording setup with schematic of example primary 
MN axon arbors in the musculature. (Bottom) Dual 
whole-cell recording of EPSCs during swimming from 
MNSs projecting to mid-dorsal and ventral territory. 
Traces vertically offset for clarity. Simultaneous ven- 
tral root recording (gray) shows that excitatory bar- 
rages occur in phase with the ipsilateral fictive bend. 
(B) Expanded time scales for EPSCs recorded during 
swimming from example in-quadrant (mid-ventral 
and ventral) MNs (Fig. 1H). Asterisks indicate syn- 
chronous EPSCs in both neurons [time difference 
(At) < 150 us]. Scale as in (D). (C) One hundred con- 
secutive EPSCs recorded in the mid-ventral MN (gray, 
top; average in light brown) and simultaneously 
recorded signals in the ventral MN (gray, bottom) 
reveal a notable EPSC-triggered average (dark 
brown). (D and E) As for (B) and (C) for an example 
out-of-quadrant (mid-ventral and dorsal) MN pair, 
revealing few synchronous EPSCs and a small EPSC- 


triggered average (dark blue). (F) Summary EPSC-triggered averages, means + SEMs, for in-quadrant (n = 
15) and out-of-quadrant (n = 19) MN pairs. ***P < 0.001, unpaired t test of peak EPSC amplitude. Gray 
bar indicates period of baseline normalization. (G) Cross-correlogram of EPSC timing, averages from all 
MN pairs. Means + SEMs; bin = 50 us, nas in (F). ***P < 0.001, unpaired tf test at 0 ms. (H) Schematic of 
proposed premotor excitatory circuitry. An individual excitatory premotor neuron (open circles) prefer- 
entially synapses on either dorsal (D)— or ventral (V)—projecting MNs (solid lines) but not both. 
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assumption that dorsal- and ventral-projecting MNs 
are embedded in a shared presynaptic network. In- 
stead, premotor excitatory inputs are segregated 
into two largely distinct microcircuits governing 
dorsal and ventral musculature (Fig. 1H). 

Are inhibitory premotor pathways similarly 
segregated? On a longer time scale, barrages of 
inhibitory postsynaptic currents (IPSCs) recorded 
in two MNs during fictive swimming occurred 
synchronously, predominantly out of phase with 
the motor output (Fig. 2A). Similar to EPSCs, at 
fine temporal scales in-quadrant pairs exhibited 
strong synchrony of IPSCs and a large IPSC- 
triggered average (Fig. 2, B and C), whereas out- 
of-quadrant MN pairs revealed weaker evidence 
for IPSC correlation and smaller IPSC-triggered 
averages (Fig. 2, D and E). These observations 
were borne out by analysis of group data, show- 
ing that in-quadrant pairs exhibited a ~2.3-fold 
larger IPSC-triggered average (Fig. 2F) and twice 
the magnitude of cross-correlation at 0 ms (Fig. 
2G; see also fig. S2) as out-of-quadrant pairs. 
Thus, similar to premotor excitatory networks, 
premotor inhibitory networks are also segregated 
into two distinct microcircuits for the differential 
control of dorsal and ventral musculature, although 
the smaller magnitude difference between in- 
quadrant and out-of-quadrant cross-correlograms 
(compare Figs. 1G and 2G) suggests, as a con- 
servative estimate, less-stringent specificity for in- 
hibitory connectivity (Fig. 2H). 

In mammalian cortex, pyramidal neurons that 
receive shared excitatory inputs are also more like- 
ly to be connected to each other (/4). Similarly, 
there is preferential gap junctional coupling be- 
tween mammalian limb MNs of shared modular 
function, for example, ankle flexors (75). We found 
that electrical coupling between MNs was two- 
fold higher for in-quadrant as compared with out- 
of-quadrant pairs (fig. S3). Thus, the segregated 
microcircuits at the premotor level are supported 
by increased connectivity among MNs themselves. 

To assess whether excitatory segregation de- 
rives from spinal sources and to identify specific 
premotor populations of relevance, we used an 
optogenetic approach to selectively drive firing 
in the V2a population expressing the transcription 
factor Chx10 (Fig. 3A and fig. $4). V2a/Chx10+ 
neurons are the largest class of ipsilaterally 
projecting glutamatergic premotor neurons in 
the spinal cord and have a conserved function 
during locomotion in both zebrafish and mice 
(16, 17). Subsequent recording from MN pairs 
revealed that the EPSCs elicited by pulses of 
illumination were highly synchronous between 
in-quadrant pairs (Fig. 3B) but asynchronous be- 
tween out-of-quadrant pairs (Fig. 3C). Analysis 
of group data showed that EPSC-triggered aver- 
ages were 15-fold larger for in-quadrant than out- 
of-quadrant MN pairs (Fig. 3D). Thus, V2a/Chx10+ 
neurons in the spinal cord are segregated into two 
subtypes, yielding distinct excitatory control over 
dorsal and ventral musculature. 

Premotor inhibition can derive from both 
ipsilateral and contralateral spinal sources. Are 
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Fig. 2. Distinct inhibitory microcircuits gov- 
ern dorsal and ventral musculature. All panels 
as in Fig. 1 for IPSCs. (A) An example dual record- 
ing of IPSCs from MNs projecting to mid-dorsal 
and ventral territory. (B) Expanded time scales for 
IPSCs recorded during swimming from an ex- 
ample in-quadrant (mid-dorsal and dorsal) MN 
pair. Scale as in (D). (C) One hundred consecutive 
IPSCs recorded in mid-dorsal MN (top) and simul- 
taneously recorded signals in the dorsal MN (bottom) 
reveal a notable IPSC-triggered average (dark 
blue). Scale as in (E). (D and E) As for (B) and (C) 
for an example out-of-quadrant (mid-ventral and 
dorsal) MN pair, revealing few synchronous IPSCs 
and small IPSC-triggered average (dark blue). (F) 
Summary IPSC-triggered averages, means + SEMs, 


for in-quadrant (n = 13) and out-of-quadrant (n = 17) MN pairs. ***P < 0.001, unpaired t test of peak 
IPSC amplitude. (G) Cross-correlogram of IPSC timing, averages from all MN pairs. Means + SEMs; bin = 
50 us, nas in (F). **P < 0.01, unpaired t test at 0 ms. (H) Schematic of proposed premotor inhibitory 
circuitry. An individual inhibitory premotor MN preferentially synapses either on D or V MNs (solid 


lines) but rarely on both (dotted lines). 


Fig. 3. Intraspinal pre- 
motor inputs are segre- 
gated into dorsal and 
ventral microcircuits. 
(A) Sagittal view of 4 days 
post fertilization (dpf) larva 
expressing alx:Gal4::UAS: 
CatCh (see materials and 
methods for more infor- 
mation) in two premotor 
neurons with typical V2a 
morphology (ipsilateral axon, 
primarily descending). Ros- E 
tral is to the left; white bars 
mark muscle segments. (B) 
Example of synchronous 
EPSCs evoked optogeneti- 
cally in a dorsal/mid-dorsal 
MN pair. Green bar indicates 
light exposure. (C) Asynchro- 
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average responses in phase with ipsilateral motor activity, as measured by ventral root recordings (schematic, 
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amplitudes. (F) As in (E), but for recordings during midcycle, out of phase with ipsilateral motor activity. 
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both sources of spinal inhibition similarly segre- 
gated? We took advantage of the fact that inhi- 
bition arriving in phase with the locomotor signal 
derives exclusively from ipsilateral spinal sources, 
whereas inhibition arriving out of phase derives 
from commissural spinal sources (/8). Both IPSCs 
occurring in phase and those occurring out of 
phase with ipsilateral activity exhibited ~2.5-fold 
larger IPSC-triggered average responses for in- 
quadrant than for out-of-quadrant pairs (Fig. 3, E 
and F). We conclude that both ipsilaterally and 
contralaterally derived spinal inhibitory drive is 
also segregated into two microcircuits. 

To assess the utility of these parallel axial 
microcircuits for ethologically relevant behaviors, 


we focused on their recruitment during postural 
correction, which is known to rely on differential 
dorsal and ventral muscle activity (7, 79). Nor- 
mally, a side-lying larval zebrafish will right itself 
at the beginning of a swim bout (Fig. 4A) (20). 
We quantified the motor activity underlying this 
behavior by using calcium imaging, which allowed 
visualization of the activity of the dorsal- and 
ventral-projecting primary MNs on both sides of 
the fish (fig. SSA). At the onset of evoked swim 
bouts, bursts of activity are visible as Ca” transients 
(Fig. 4B). In side-lying fish, the amplitude of the 
Ca** transient was larger in ventral-projecting 
than in dorsal-projecting MNs on the ear-up side, 
but this pattern was inverted on the ear-down side 
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Fig. 4. Descending os information differentially recruits dorsal and ventral micro- 
circuits. (A) Time-lapse images of a 3-dpf larva engaging in self-righting from right ear up to dorsal-up 
orientation. Pictures were taken under normal illumination for display purposes only; behavioral data 
were gathered with infrared illumination. Scale bar, 1 mm. (B) Example Ca** imaging data from primary 
MNs in one segment of a side-lying fish. Arrow indicates time of brief electrical stimulus applied to tail to 
induce swimming, Scale bars, 20% AF/F (where F is fluorescence signal), 5 s. (C) Ventral-projecting MNs 
exhibit larger Ca** signals than dorsal-projecting MNs on ear-up side (left; n = 13 MN pairs from nine 
fish); pattern is reversed on ear-down flank (right; seven pairs from seven fish). *P < 0.05, paired f test. (D) 
Schematic of asymmetric drive to the four quadrants of musculature, producing torque for self-righting. 
(E) Ca?* imaging summary as in (D), for rock solo mutant animals (ear-up, n = 7 pairs from seven fish; 
ear-down, n = 8 pairs from eight fish). n.s., not significant, paired t test. (F) Physiological recordings from 
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represents either EPSC or IPSC data from a single out-of-quadrant pair. Unity line is shown in dashed gray. 
(G) As in (F), for vestibular-deficient animals. No differences are seen in the number of EPSCs (P = 0.11, n = 
10 pairs) or IPSCs (P = 0.50, n = 9 pairs) between dorsal- and ventral-projecting MNs. (H) Higher in- 
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(I) Schematic summary of results: prior models of a single premotor circuit for dorsal and ventral control in 
fish (left); current model supporting parallel, modular microcircuits (middle); and proposed homology to 
limb control in tetrapods (right). M, motor. 


www.sciencemag.org SCIENCE VOL 343 


REPORTS 


of the fish (Fig. 4C). This asymmetric motor 
drive thus produces self-righting torque to roll the 
fish dorsal side up (Fig. 4D) (7) and is likely to 
reflect the overall motor activation pattern in 
more modest postural correction as well. In con- 
trast, when fish were embedded dorsal side up in 
a normal orientation, no significant differences were 
seen in the pattern of activation (fig. SSB). 

Is this bias in activity driven by differential exci- 
tation or inhibition? Paired physiological record- 
ings from MNs on the ear-up side of side-lying 
fish revealed that, during swimming, EPSCs were 
significantly more frequent in ventral-projecting 
than dorsal-projecting MNs. In addition, IPSCs 
occurred more frequently in MNs controlling dor- 
sal than ventral musculature (Fig. 4F). Average 
EPSC and IPSC amplitudes did not differ be- 
tween the MN types, however (fig. S6). 

To test whether vestibular signals were re- 
sponsible for these asymmetries in behavioral 
and physiological activity, we evaluated the rock 
solo mutant fish line, in which the anterior otolith 
[the sole gravity sensor at this stage (2/)] is ab- 
sent (22). rock solo mutant fish failed to develop 
self-righting during the first week post fertiliza- 
tion, in contrast with their heterozygous and wild- 
type siblings (13 wild-type or heterozygous fish 
had 82% successful righting over 49 trials; for 20 
rock solo, 48% righting, 50 trials; P < 0.0001, 
Fisher exact test). MN imaging in side-lying rock 
solo mutant fish revealed no reliable asymmetry 
of activity (Fig. 4E), consistent with the absence 
of self-righting behavior. Similarly, physiological 
recordings from rock solo’ fish, or from fish in 
which the otoliths were surgically removed im- 
mediately before the experiment to avoid devel- 
opmental confounds (23), revealed no consistent 
bias for synaptic events in the MNs controlling 
dorsal and ventral musculature (Fig. 4G). 

Critically, however, the differences in EPSC 
and IPSC synchrony for in-quadrant versus out- 
of-quadrant pairs persisted in otolith-deficient an- 
imals (Fig. 4H). This observation confirms that 
spinal axial microcircuitry exhibits segregated, 
modular connectivity to different motor pools 
even in the absence of structured descending ves- 
tibular signals. Collectively, our findings challenge 
the traditional view of axial network organization 
(12, 13, 24) and shift the locus of distinct dorsal 
or ventral control in fish from supraspinal regions 
to modular, intrinsic spinal circuits. 

The evolution of vertebrates from fishes to 
mammals involved fundamental changes in body 
plan, muscle distribution, and posture (25). These 
changes involved not only reorganization of the 
trunk musculature but also an increasing reliance 
on the limbs to locomote (26). Commensurate 
with these changes, locomotor networks in the 
spinal cord must have adapted. Studies of the 
molecular mechanisms responsible for generating 
spinal locomotor circuitry have identified con- 
served programs regulating the differentiation of 
axial and limb spinal microcircuitry (27, 28). 

Although limb microcircuits must have origi- 
nated from more primitive axial ones, it is unclear 
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how the modular organization of limb networks 
could have arisen from a single, homogeneous 
axial network (5). Our work demonstrates that 
axial networks, like limb networks, are organized 
in a modular fashion to facilitate differential con- 
trol of muscles during locomotor-related behav- 
iors such as postural correction (29). Thus, the 
modular organization of axial locomotor control 
systems may have served as a functional template 
for the evolution of limb control systems (Fig. 
41). We suggest that refinement and reweighting 
of inhibition between these modules is a plausible 
candidate mechanism for generating new loco- 
motor patterns from ancient axial circuits. 
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Apical Abscission Alters Cell Polarity 
and Dismantles the Primary Cilium 
During Neurogenesis 


Raman M. Das and Kate G. Storey* 


Withdrawal of differentiating cells from proliferative tissue is critical for embryonic development 
and adult tissue homeostasis; however, the mechanisms that control this cell behavior are 

poorly understood. Using high-resolution live-cell imaging in chick neural tube, we uncover a 
form of cell subdivision that abscises apical cell membrane and mediates neuron detachment 
from the ventricle. This mechanism operates in chick and mouse, is dependent on actin-myosin 
contraction, and results in loss of apical cell polarity. Apical abscission also dismantles the primary 
cilium, known to transduce sonic-hedgehog signals, and is required for expression of cell-cycle-exit 
gene p27/Kip1. We further show that N-cadherin levels, regulated by neuronal-differentiation 
factor Neurog2, determine cilium disassembly and final abscission. This cell-biological mechanism 
may mediate such cell transitions in other epithelia in normal and cancerous conditions. 


ewbom neurons detach an apical cell- 

process from the ventricular surface and 

then migrate to the lateral neural tube or 
to form cortical layers within the brain (/, 2). This 
step is required for the generation of neuronal and 
tissue architecture (2, 3), and its failure leads to 
human periventricular heterotopia (4). Down- 
regulation of N-cadherin is associated with this 
event (3, 5), as is loss of apical complex proteins 
(6, 7). The latter may be mediated by down- 
regulation; protein modification/degradation or 
relocalization; or loss of apical membrane. 
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To investigate cell behavior underlying neu- 
ron birth, we labeled membranes of individual 
cells by mosaic transfection of green fluorescent 
protein— glycosylphosphatidylinositol (pCAGGS- 
GFP-GPI) into the chick embryonic spinal cord 
(8). We then monitored neurogenesis in ex vivo 
embryo slice cultures (/) using wide-field time- 
lapse microscopy (8). Newborn neurons have a 
basally located cell body and extend a long, thin 
cell-process to the apical/ventricular surface. 
Movies of such cells revealed that shedding of 
the apical-most cell membrane preceded with- 
drawal of this cell-process (Fig. 1A). This event, 
which we name apical abscission, takes ~1 hour 
(56 min, SD = 18 min, n = 21 cells). It begins 
with formation of a bulb-like “bouton,” followed 
by subapical constriction, membrane thinning, 


and eventual abscission, after which the apical 
cell-process withdraws (42 abscising cells in 34 
embryos; all stages observed in 21 cells) (Fig. 
1A, fig. S1, and movies S1 to S3). Abscised par- 
ticles tracked so far remain at the ventricle. 
Using structured illumination microscopy (8) 
to generate super-resolution images of abscising 
cells transfected with membrane-localized Tag— 
red fluorescent protein—Famesyl (TagRFP-Farn) 
revealed a thin membranous connection between 
apical cell-process and the abscising particle. 
This confirmed the existence of abscission events 
in fixed tissue not subject to culture and imaging 
regimes (” = 5 cells in 3 embryos) (fig. S2 and 
movie S4). We also observed apical abscission in 
completely unmanipulated embryos fixed and 
labeled to reveal the early neuronal marker Tuj! 
(class III beta-tubulin). Some Tujl* cells with a 
basally localized nucleus and a ventricle-contacting 
apical cell-process were found to have a distinct 
constriction, coincident with subapical actin (n = 
31 of 78 cells in 5 embryos) (Fig. 1B and movie 
S5). To characterize the abscised membrane, 
we assessed localization of endogenous apical 
Par-complex protein, atypical protein kinase C 
(aPKC) (9) in such Tujl* cells; aPKC was con- 
fined to the abscising particle (n = 31 of 31 cells 
in 5 embryos) (Fig. 1B and movie S5). This 
indicates that differentiating neurons experience 
rapid loss of apical polarity. It is also consistent 
with the absence of Par-complex proteins from 
withdrawing cell-processes (6, 7), which, now 
liberated from apical-junctional complexes, ex- 
tend transient membrane protrusions (18 cells in 
9 embryos) (e.g., see movies S1 and S2). Similar 
apical constrictions were visible in Tujl* ventricle- 
contacting cells in mouse spinal cord (22 of 40 
cells in 4 embryos) (Fig. 1C and movie S6), 


10 JANUARY 2014 VOL 343 SCIENCE www.sciencemag.org 


with aPKC confined to the abscising particle 
(22 of 22 cells). This demonstrates that apical 
abscission is conserved across species. In chick, 
we further characterized cells poised to abscise 
as indicated by a basally located nucleus and 
ventricle-contacting apical cell-process revealed 
by TagRFP-Farn labeling and found a similar 
localization of actin and aPKC (21 of 21 cells in 
6 embryos) (Fig. 1D and movie $7). Many such 
TagRFP-Farn—labeled cells with this morphology 
also express low levels of the early neuronal 


Fig. 1. Apical abscission 
during neuronal differ- A 


marker, NeuroM (26 of 29 cells in 5 embryos) 
(Fig. 1, E to G). These NeuroM-positive cells 
were further found to express the interneuron 
marker Lim1/2 (23 of 23 cells) but not the later 
neuronal marker HuC/D (0 of 12 cells) nor the 
postmitotic cell marker Cdk-inhibitor p27/Kip1 
(0 of 11 cells) [(0) and see (7)], identifying these 
cells as immature neurons that have yet to com- 
mit to cell cycle exit (Fig. 1, E to G). 
Neuroepithelial cells contain a subapical actin 
cable that mediates normal cell constriction at the 
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ventricular surface. To investigate whether apical 
abscission involves actin dynamics, we cotrans- 
fected GFP-GPI and Actin-TagRFP vectors into 
chick neural tube and monitored protein local- 
ization. Subapical actin was visible in cells poised 
to abscise and coincided with the region of con- 
striction before abscission (Fig. 2A and movie 
S8). As abscission began, Actin-TagRFP signal 
intensity increased (8), reaching a maximum short- 
ly before abscission completion (Fig. 2B); actin was 
then depleted from the withdrawing cell-process 


entiation. (A) Timetapse MM s{o)Ui(o)aesir-le[=) 
sequence of a cell under- 
going distinct stages of 
apical abscission [movie 
S1; these are additional 
frames of a cell shown in 
supplementary movie 2 
in (6).]. (B to D) Maxi- 
mum intensity projections 
of constricting abscission 
site (white arrowheads) 
visible in Tuj1* ventricle- 
contacting cells in chick 
(B) and mouse (C) em- 4 
bryos and TagRFP-Farn— 
labeled cell in chick (D); 
the abscising particle is 
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Fig. 2. Apical abscission depends on actin-myosin activity. (A and B) 
Time-lapse sequence showing actin localization (A) (movie $8) and (B) quan- 
tification of Actin-TagRFP intensity during apical abscission (average nor- 
malized values for four cells; error bars, mean + SEM). (C and D) Active 
myosin (MRLC2'8°51°°_GFp) (C, green at cell-process tip; movie S11) 
localizes to abscission site (D) MRLC2"2®°519°-GFp intensity during apical 


abscission (average normalized values for five cells error bars, mean + SEM). (E to H) Cells exposed to control DMSO undergo abscission (E) (movie $14), but not 
in the presence of blebbistatin (F) (movie S17) or ML-7 (G) (movie $20). ML-7 abscission inhibition is rescued by expression of MRLC2"?°°5199-GFP (H) (movie 
S23). For definition of apical surfaces, N-cadherin, and aPKC localization, see fig. $6. [(B) and (D)] Membrane thinning, black arrow; abscission complete, black 


arrowhead. Scale bars, 10 tm; enlarged regions, 2 um. 
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Fig. 3. Apical abscission dismantles the primary cilium. (A and B) Time- 
lapse sequences showing centrosome release into the apical cell-process (A) 
(movie $26), while Arl13b-labeled cilium is retained at the apical membrane 
(B) (movie $29). (C) Widefield and (C’) structured illumination imaging (white 
dotted outline) (movie $32) of TagRFP-Farn labeled apical cell-process and 


abscised particle containing Arl13b-GFP—labeled cilium. (D and E) Tuj1* cells 
with ventricle-contacting apical cell-processes exhibit Smo (D) (movie $33) 
and Gli2 accumulation (E) (movie $34) (empty arrowheads) in their primary 
cilium [identified with Arl13b-GFP or Ift88 (intraflagellar-transport-protein 
88), respectively]. Scale bars, 10 jum; enlarged regions and C and C’, 2 um. 
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tip (n = 24 abscising cells in 18 embryos) (Fig. 
2A, fig. S3, and movies S8 to S10). This local 
actin increase raised the possibility that actin- 
myosin contraction mediates apical abscission. 

We therefore next surveyed myosin localiza- 
tion using a myosin regulatory light chain 2 GFP 
construct (MRLC2-GFP); this revealed strong 
subapical localization and diffuse cytosolic distri- 
bution in all cells (fig. S4). Because myosin phos- 
phorylation is essential for actin-mediated apical 
constriction, we next discriminated sites of myo- 
sin activity by monitoring MRLC2™'8PS!°P GFP, 
a constitutively active form of MRLC2. To in- 
crease the incidence of neuronal differentiation, 
we cotransfected cells with a plasmid encoding 
the proneural gene Neurog2 [pCAGGS-Neurog2- 
IRES-nucGFP (pCIG-Neurog2)], which promotes 
neuronal differentiation (/0). In such cells, also 
coexpressing TagRFP-Farn to label cell mem- 
branes, active MRLC2 localized subapically until 
shortly after abscission (8) (1 = 12 cells in 9 em- 
bryos) (Fig. 2, C and D, and movies S11 to $13). 
Thus, actin is localized and myosin is active in the 
subapical region of the abscising neuron. 

To investigate the requirement for myosin 
activity, cells were transfected with GFP-GPI and 
pCIG-Neurog2, and slices were cultured in me- 


/ 


/ PACT-TagRFP | B 


TagRFP-Farn 


dium containing blebbistatin (inhibitor of myosin 
motor function), ML-7 (inhibitor of myosin light 
chain kinase MLCK, which phosphorylates 
Myosin II) (see fig. S5), or dimethyl sulfoxide 
(DMSO) control. Although few cells in control 
slices failed to abscise and retract their cell- 
processes within an 8-hour period (n = 4 of 33 
cells in 5 embryos) (Fig. 2E and movies S14 to 
S16), the majority of cells exposed to blebbistatin 
(n = 33 of 36 cells in 6 embryos) (Fig. 2F and 
movies S17 to S19; apical surface definition, fig. 
S6) or ML7 (n = 68 of 83 cells in 15 embryos; Fig. 
2G and movies $20 to $22; apical surface defi- 
nition, fig. S6) remained attached at the ventricle. 
Furthermore, coexpression of active MRLC2 in the 
presence of ML-7 rescued its effects, with most cells 
now abscising within 8 hours ( = 14 of 18 cells 
in 7 embryos) (Fig. 2H and movies $23 to S25). 
Misexpression of active MRLC2 alone, however, 
did not increase neuron numbers, so the potential 
to increase actin-myosin contraction is by itself 
insufficient to promote apical abscission (fig. S7). 
These data indicate that myosin activity is re- 
quired, but not sufficient, for apical abscission. 
Neuroepithelial cells lining the ventricle pos- 
sess a primary cilium. This projects from the ba- 
sal body/centrosome located at the apical pole. 
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Fig. 4. N-cadherin misexpression blocks apical abscission. 
(A) Cells misexpressing N-cad-YFP constrict (white arrowheads) 
but do not abscise and the centrosome (PACT-TagRFP, magenta 
arrows) remains at the apical cell pole (movie $35). (B) N-cad-YFP 
misexpressing cells do not express p27 (B’), which is normally 
detected after apical cell-process detachment (cell nuclei; empty 
arrowheads). (C) Neurog2 misexpression rescues centrosome re- 
lease and abscission in N-cad-YFP—expressing cells (movie $38). 


While this cilium plays a key role in transducing 
sonic hedgehog (Shh) (and possibly other) sig- 
nals that maintain neuroepithelial cells in a 
proliferative state (//), the centrosome is further 
implicated in positioning axon outgrowth (/2). 
To observe the effect of apical abscission on 
the primary cilium, we transfected GFP-GPI and 
pCIG-Neurog2 into the neural tube together with 
a construct containing a pericentrin-AKAP450 
centrosomal targeting (PACT) domain sequence 
that confers centrosomal localization fused to 
TagRFP (PACT-TagRFP). As abscission began, 
the centrosome localized to the withdrawing cell- 
process (n = 45 cells in 15 embryos) (Fig. 3A and 
movies $26 to S28). Conversely, the primary cil- 
ium, identified with ciliary membrane-associated 
Arl13b-TagRFP, remained attached to the abscised 
apical membrane (n = 21 cells in 7 embryos) 
(Fig. 3B and movies S29 to $31). During apical 
abscission, the Arll3b-labeled cilium also short- 
ened [two-fold reduction in cilium length; n = 5 
abscising cells (8)]. We further used structured 
illumination microscopy to confirm the presence 
of Arl13b-GFP in particles abscised from TagRFP- 
Farn—labeled cells in tissue not subject to cul- 
ture and live imaging (n = 5 cells) (Fig. 3C and 
movie $32). 

Active Shh signaling is indicated by accumu- 
lation of the Shh transducer Smoothened (Smo) 
and its key pathway effector Gli2 in the primary 
cilum (/3, 14). Shh signaling is highest in the 
ventral half of the neural tube, and we therefore 
assessed localization of endogenous Smo and Gli2 
in Tujl* cells with ventricle-contacting cell-processes 
in this region. This revealed many cells with 
ciliary accumulation of Smo (n = 38 of 43 cells 
in 4 chick embryos) (Fig. 3D and movie S33) or 
Gli2 (n = 33 of 35 cells in 3 mouse embryos) (Fig. 
3E and movie $34). This localization of proteins 
suggests that cells poised to abscise are respond- 
ing to Shh signals and predicts that disjunction of 
the centrosome and Arl13b-labeled cilium during 
apical abscission curtails Shh signaling. 

Onset of neuronal differentiation is charac- 
terized by down-regulation of N-cadherin (3, 5), 
which forms subapical adherens junctions be- 
tween neuroepithelial cells (75), and abnormal per- 
sistence of N-cadherin inhibits apical cell-process 
withdrawal (3). Cadherins are connected intra- 
cellularly to the contractile actin cable, and this 
serves to maintain tension at apical junctions and 
cell-cell adhesion (/5). Declining N-cadherin levels 
within the prospective neuron may therefore trigger 
apical abscission by loosening cell-cell junctions 
and connection with the intracellular actin-myosin 
cable. Because the centrosome is localized in the 
withdrawing cell-process, it must be released from 
the cilium before final abscission. To determine 
how persistent N-cadherin affects apical abscis- 
sion, we misexpressed N-cadherin-YFP (yellow 
fluorescent protein) together with GFP-GPI and 
PACT-TagRFP. Increased N-cadherin blocked cell- 
process withdrawal, and the centrosome remained 
at the apical pole (16 cells in 10 embryos) (Fig. 
4A and movies $35 to S37). This indicates that 
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N-cadherin down-regulation is required for cen- 
trosome release from the apical surface, as well as 
for final abscission of apical membrane. 

One consequence of failure to undergo N- 
cadherin down-regulation and apical abscission 
might therefore be maintenance of Shh signaling 
and therefore inhibition of cell cycle exit. To as- 
sess the relationship between cell cycle regula- 
tion and apical abscission, we next determined 
the effect of persistent N-cadherin on expression 
of p27/Kip1, which normally begins after apical 
cell-process withdrawal [Figs. 1G and 4B’ and 
see (7)]. N-cadherin misexpressing cells lacked 
p27/Kip1 after 24 hours [N-cad-YFP+TagRFP- 
Farn misexpressing cells 3% p27/Kip1 positive 
(25 of 689 cells in 4 embryos) (Fig. 4B); con- 
trol TagRFP-Farn only expressing cells 13% 
p27/Kip1 positive (76 of 649 cells in 4 embryos) 
(Fig. 4B’). These findings therefore place N-cadherin 
loss and apical abscission, including cilium dis- 
assembly, upstream of cell cycle exit as defined 
by p27/Kip1 expression. Furthermore, driving 
premature cell cycle exit by p27/Kip1 misex- 
pression did not promote apical abscission or 
neuronal differentiation (fig. S8), consistent with 
proneural genes promoting expression of Cdk 
inhibitors, which then act in concert with other 
proneural targets to orchestrate neuronal differ- 
entiation (/6). 

N-cadherin down-regulation in prospective 
neurons is mediated by the transcription factor 
FoxP2/4, expression of which is promoted by the 
proneural gene Neurog2 (3, /0). To determine 
whether Neurog2 misexpression is sufficient to 
overcome excess N-cadherin, we cotransfected con- 
structs encoding these two genes into the neural 
tube. Despite excess N-cadherin, cells with excess 
Neurog2 dismantled their cilium and underwent 
abscission and cell-process withdrawal (16 cells 
in 7 embryos) (Fig. 4C and movies $38 to S40). 
In this context, N-cadherin-TagRFP was localized 
to the abscission site and then lost before abscis- 
sion (n = 19 cells in 8 embryos) (Fig. 4D and 
movies S41 to $43). This indicates that localiza- 
tion and regulation of N-cadherin protein [(as well 
as transcriptional down-regulation of endogenous 
N-cadherin (3)] is directed by factors downstream 
of Neurog2. 

These findings uncover a cell biological mecha- 
nism, apical abscission, that takes place downstream 
of N-cadherin loss and involves actin-myosin— 
dependent cell constriction and dismantling of the 
primary cilium. This abscission event detaches 
newborn neurons from the ventricular surface and 
results in loss of apical-complex—containing cell 
membrane and therefore apical polarity. By sep- 
arating centrosome from Arl13b-labeled cilium, 
apical abscission may curtail active Shh signaling, 
as indicated by ciliary accumulation of Smo and 
Gli2 in cells poised to abscise. Consistent with a 
loss of mitogenic Shh, abscission is also required 
for expression of cell-cycle exit gene p27/Kip1 (fig. 
S9). Apical abscission is thus a decisive event in 
the neuronal differentiation program, which trig- 
gers reorganization of the newborn neuron and 


its withdrawal from the ventricular environment. 
Abscising the apical membrane and leaving this, at 
least initially, at the apical surface may also help 
to maintain tissue integrity. During mitosis, cilia 
are resorbed or partially internalized (/7) rather 
than shed, and regulated cilium shedding has only 
been reported in the alga Chlamydomonas (18). 
Loss of apical complex proteins also characterizes 
cells undergoing an epithelial to mesenchymal 
transition, including tumor cell metastasis (19), 
and some cancers exhibit cilia loss (20). Inves- 
tigation of apical abscission in normal and also 
oncogenic epithelia may therefore provide in- 
sight into mechanisms that direct critical cell state 
transitions. 
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Internalization of Sa/monella by 
Macrophages Induces Formation of 
Nonreplicating Persisters 


Sophie Helaine,* Angela M. Cheverton,+ Kathryn G. Watson,t Laura M. Faure, 


Sophie A. Matthews, David W. Holden* 


Many bacterial pathogens cause persistent infections despite repeated antibiotic exposure. 
Bacterial persisters are antibiotic-tolerant cells, but little is known about their growth status and 
the signals and pathways leading to their formation in infected tissues. We used fluorescent 
single-cell analysis to identify Salmonella persisters during infection. These were part of a 
nonreplicating population formed immediately after uptake by macrophages and were induced 
by vacuolar acidification and nutritional deprivation, conditions that also induce Salmonella 
virulence gene expression. The majority of 14 toxin-antitoxin modules contributed to intracellular 
persister formation. Some persisters resumed intracellular growth after phagocytosis 

by naive macrophages. Thus, the vacuolar environment induces phenotypic heterogeneity, 
leading to either bacterial replication or the formation of nonreplicating persisters that could provide 


a reservoir for relapsing infection. 


any studies, mostly focusing on bacte- 
M: grown in laboratory media, have 


shown that persisters are an unstable, 
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nongrowing, multidrug-tolerant subpopulation that 
result from phenotype switching (/—3). In contrast 
to antibiotic-resistant bacteria arising from heritable 
mutations, the progeny of persisters are mainly 
antibiotic-sensitive cells. Most studies on persist- 
ent infections are based on the assumption that a 
proportion of the bacterial population is nonrepli- 
cating (4); however, this consensus was challenged 
recently in studies that showed replicating antibiotic- 
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tolerant mycobacteria (5, 6). Moreover, direct evi- 
dence for nongrowing persister bacteria in infected 
tissues is lacking. 

Previously, we reported the use of a fluores- 
cence dilution (FD) technique to study intracellular 
replication dynamics of Salmonella Typhimurium. 
FD can be used to monitor the extent of bacterial 
replication at the single-cell level by dilution of a 
preformed pool of fluorescent protein after its in- 
duction has been stopped. The technique reveals 
the presence of bacteria that maintained bright 
fluorescence during infection, indicating that they 
are nongrowing (7). We used FD to investigate 
whether nonreplicating Salmonella were persisters. 

Infection of susceptible mice by S. Typhimurium 
results in an acute typhoid-like disease characterized 
by intracellular proliferation of bacteria in organs 
including the Peyer’s Patches (PP), mesenteric 
lymph nodes (MLNs), spleen, and liver. C57 B16 
or BALB/c mice were inoculated per os (p.0o.) 
with wild-type (WT) S. Typhimurium carrying a 
plasmid from which mCherry is produced con- 
stitutively (to provide a marker for bacterial cells) 
and green fluorescent protein (GFP) dilutes pro- 


Fig. 1. Nonreplicating Salmonella persisters in 
immune organs. (A) The average percentage of 
nonreplicating bacteria in the PP, MLNs, and spleens 
of mice, detected with flow cytometry by use of FD at 
different times after inoculation. Data represent the 
mean + SEM and were analyzed by using a Student's t 
test. **P < 0.01. (B) Representative FD profiles of 
bacteria recovered from MLNs of five mice, 8 hours 
after infection (light green) and 16 hours after 
inoculation in LB (red) (number of bacteria > 10%), 
showing regrowth of nonreplicating bacteria isolated 
from MLNs. (C) Regrowth of a nonreplicating bac- 
terium recovered from MLNs 24 hours after inocula- 
tion on LB agar. Scale bar, 2 um. (D and E) FD profiles 
of bacteria recovered 6 days after inoculation from 
MLNs of 10 mice, treated (light green) or not (red) 
with enrofloxacin, and 12 hours after inoculation in 
LB medium (red) (number of bacteria > 102) showing 
regrowth of nonreplicating bacteria that survived 
antibiotic treatment (AB) of animals. 
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portionally with bacterial cell division (8). At 
different time points, tissues were extracted, ho- 
mogenized, and lysed. The released Salmonella 
cells were subjected to flow cytometry analysis 
(fig. S1). As early as 2 hours after inoculation, the 
majority of bacteria that were detected in the PP 
and MLNs had not undergone any replication (50 
and 95%, respectively) (Fig. 1A). Nonreplicating 
bacteria were also found in these organs and in 
the spleen at later time points. To determine the 
viability of these nonreplicating cells, bacteria 
released from MLNs were incubated in Luria 
Bertani (LB) medium and analyzed by flow 
cytometry. Dilution of fluorescence (indicated 
by a decrease in bacterial fluorescence intensity) 
(Fig. 1B) revealed resumption of growth of the 
previously identified nonreplicating population. 
Regrowth of bacteria that had not undergone any 
replication in vivo was also observed with time- 
lapse microscopy (Fig. 1C). To clear the infection 
and reveal persisters, mice were treated with 
enrofloxacin at 24 hours after inoculation. Five 
days later, all of the remaining bacteria (~10°) 
extracted from MLNs [a known site of persistence 


R 


(9)] had not undergone any replication (Fig. 1D), 
indicating an incomplete clearance of the non- 
replicating population. We transferred these 
nongrowing cells to LB medium and observed 
resumption of growth in the absence of antibiotic 
treatment (Fig. 1E), indicating that they were 
persisters. 

In the mouse typhoid model, Salmonella pro- 
liferates in macrophages (/0, //). Internalization 
of Salmonella by resting or interferon-y (IFN-y)— 
activated bone marrow-derived macrophages 
(BMMs) from different mouse strains for 24 hours 
or 30-min periods produced a 100- to 1000-fold 
increase in the proportion of antibiotic-tolerant 
bacteria as compared with those already present 
in the inoculum (Fig. 2, A and B, and fig. S2). 
The progeny of BMM-derived bacteria that sur- 
vived antibiotic exposure were as antibiotic- 
sensitive as the initial inoculum, indicating that 
they are bona fide persisters (Fig. 2A). Macro- 
phage-induced persisters were tolerant to several 
antibiotics (Fig. 2C). FD was used to investigate 
the replication status of these bacteria. As was 
observed in mice, the BMM-derived persisters 
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subjected to a second exposure to 

cef in LB medium (purple). (B) 2 
Log percentage survival after 

24 hours of cef treatment of LB 1 
medium—grown bacteria, or bacte- 

ria within BMM for 24 hours, 0 
30 min, or 15 min followed by 
transfer to LB medium. Formation 
of macrophage-induced persisters 
was measured as the fold-increase 
in persister levels quantified in 
bacterial populations either grown 
exclusively in LB medium or in LB 
medium after 30-min internaliza- 
tion in BMM. Data were analyzed 
by using a Student's f test. ***P < 
0.001. (C) Macrophage-induced 
persister formation measured af- 
ter exposure to cef, gentamicin 
(gent), ciprofloxacin (cip), or dif- 
ferent antibiotic combinations. 
Replication status of intracellular 
bacteria, by using FD and detected 
by (D) flow cytometry before 


Fig. 2. Rapid formation ofnon- A 
replicating persisters in macro- 8 
phages. (A) Cefotaxime (cef) 
survival kinetics of Salmonella 7 
grown in LB medium (black), 1) 
BMMs (blue), LB medium after 61,9 
30-min internalization (red), com- —< 
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(gray area) or after (red line) 16 hours exposure to cef, added 18 hours after uptake; or (E) live-imaging microscopy before (top) and after (bottom) 12 hours 
exposure to cef, added 18 hours after uptake. The bacteria that remained after cef exposure were non-replicating [(D), red line, and (E), white arrows]. Data represent 


the mean + SEM. 


Fig. 3. Metabolic status of persisters. (A) Analysis of 
metabolic activity (left) and regrowth (right) of persisters, 
analyzed by means of flow cytometry. (Left) Intracellular 
antibiotic-tolerant bacteria retained high GFP intensity 
because of a lack of replication, and their metabolic activity 
was revealed by appearance of DsRed fluorescence upon 
addition of arabinose (circle). (Right) After release from 
macrophages and transfer to LB medium, regrowth of some 
bacteria was revealed through concomitant dilution of 
DsRed and GFP fluorescence (rectangle). (B) Quantification 
of proportion of nonreplicating bacteria showing metabolic 
activity upon addition of inducer (production of DsRed 
fluorescence; red bars) and resuming growth (indicated by 
fluorescence dilution; gray bars), from LB medium-grown or 
intracellular nonreplicating cells in activated BMM over 
time. Data represent the mean + SEM. (C) Representative 
example of quantification of proportion of intracellular non- 
replicating bacteria, after 24 hours within activated BMM, 
showing (left) metabolic activity revealed by appearance of 
DsRed upon addition of arabinose and (right) quantification 
of growth resumption of metabolically active bacteria within 
newly infected BMM. (D) Chart showing relative proportions 
and heterogeneity of different Salmonella subpopulations 
in BMM. Thick arrows in (A) and (C) indicate direction of 
fluorescence shift, either representing production of DsRed 
upon arabinose addition (vertical arrows) or dilution of DsRed 
and GFP fluorescence during regrowth (oblique arrow). 
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consisted of nonreplicating cells that formed 
before any bacterial division had occurred (as 
indicated by an absence of fluorescence dilution) 
(Fig. 2, D and E). These results contrast with 
those obtained with mycobacteria, in which 
persisters were shown to be replicating bacteria 
(5, 6). 

We showed previously that intracellular non- 
replicating Salmonella are composed of subpop- 
ulations of unresponsive and metabolically active 
bacteria whose numbers decline with time (7). 
To determine which of these subpopulations 
were persisters, we used a double-inducible fluo- 
rescent reporter (Fig. 3, A and B, and fig. S3). 
Bacteria preloaded with GFP were used to infect 
macrophages for up to 72 hours. Replicating 
bacteria gradually lost the GFP signal and were 
killed by exposure to cefotaxime. Nonreplicating 
bacteria retained green fluorescence, and their 
metabolic status was determined through addition 
of DsRed inducer (7). Under improved growth 


culture conditions (/2), as many as 40% showed 
evidence of metabolic activity for the 72-hour 
observation period (Fig. 3B). This contrasted with a 
rapid decrease in metabolic activity of antibiotic- 
tolerant Salmonella that formed in LB medium 
(Fig. 3B), a phenomenon that has been observed 
with Escherichia coli (13). 

We released nonreplicating intracellular bacte- 
ria by lysis of infected macrophages and mon- 
itored subsequent growth in LB medium by 
FD. Regardless of how long they had been 
internalized, ~20% of the metabolically active 
subpopulation resumed growth within 2 hours 
after their release from macrophages, as indicated 
by concomitant dilution of green and red fluo- 
rescence (Fig. 3, A and B, and fig. S4). No re- 
growth of the metabolically inactive population 
was detected (Fig. 3A). Therefore, intracellular 
persisters are derived exclusively from the meta- 
bolically active subpopulation of nonreplicating 
Salmonella. 
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Nonreplicating bacteria recovered from mac- 
rophages after 24 hours were incubated with naive 
macrophages. After re-phagocytosis, ~5% of the 
population that was metabolically active in the 
initial host cells resumed growth (Fig. 3C) and 
may thus be a source of relapsing infection (9). 
These results show that macrophages contain 
heterogeneous subpopulations of nonreplicating 
Salmonella, including cells that are (1) metabol- 
ically inactive (possibly dormant), (ii) metaboli- 
cally active but which fail to regrow following 
their release from BMMs, (iii) competent for re- 
growth in LB medium, and (iv) competent for 
regrowth in naive macrophages (Fig. 3D). 

Next, we investigated processes required for 
macrophage-induced persister formation. Activa- 
tion of BMMs with IFN-y had little effect on the 
proportion of persisters (fig. S2). Exposure of 
Salmonella to BMMs that had been pretreated 
with Latrunculin B (Lat B) or Cytochalasin D 
(Cyt D) to prevent phagocytosis did not generate 
more persisters than the basal levels detected in 
LB medium. This indicated that internalization is 
required to stimulate macrophage-induced per- 
sister formation (Fig. 4A and fig. S5). There was 
no detectable decrease in macrophage-induced 
persister frequency obtained from phox ’ BMMs 
that are unable to produce reactive oxygen spe- 
cies (Fig. 4A). However, preventing Salmonella- 
containing vacuole (SCV) acidification with 
Bafilomycin Al (Baf A1) caused a significant 
decrease in persister frequency (Fig. 4A and fig. 
S5). Transient exposure of Salmonella to acidified 
laboratory medium or serine hydroxamate (SHX) 
(to induce starvation) (74) both enhanced persister 
formation (Fig. 4B). These results indicate that 
acidification and probably nutritional deprivation 
within SCVs (/5) contribute to formation of per- 
sisters (Fig. 4B). 

Nonpathogenic E. coli K12 persisters are 
induced at low frequency in laboratory medium 
by class II toxin-antitoxin (TA) modules (/6), 
and their formation was not enhanced by pas- 


macrophage-induced nonreplicating persisters 
in response to vacuolar stimuli. (A) Formation of 
macrophage-induced persisters of Salmonella (S. Tm) or 
E. coli (E. c) caused by 30-min internalization in BMM, 
WT BMM treated with Lat B, Cyt D or Baf A1, or phox ’~ 
BMM. (B) Log percentage survival after 24 hours of cef 
treatment of LB medium—grown bacteria pre-exposed to 
SHX or pH shift from 7 to 4.5 for 30 min before transfer to 
LB/cef and compared with untreated bacteria. (C) Formation 
of macrophage-induced persisters of WT, ArelAspoT, and Alon 
mutant strains caused by 30-min internalization in BMM. (D) 
Quantification of the proportion of nonreplicating intracellular 
bacteria after 18 hours of BMM infection (red bars), and the 
formation of macrophage-induced persisters caused by 
30-min internalization in BMM (gray bars), of WT or single— 
TA module mutant strains. Data represent the mean + SEM 
and were analyzed through comparison with WT Salmonella 
[(A), (©, and (D)] or to LB medium (B) by using a Student's 
t test. *P < 0.05 ; **P < 0.01 ; ***P < 0.001; ns, not 
significant. 


ArelBE1 sage through BMMs (Fig. 4A). Activation of 
the stringent response through the ppGpp syn- 
thases RelA and SpoT leads to activation of the 
Lon protease (/7, 78). Lon degrades antitoxins 
of Class II TA modules, releasing intrabacterial 
toxins that cause transient growth arrest. As a 
result, E. coli lon mutants produce low levels of 
persisters in vitro (78). In contrast, a Salmonella 
Jon mutant had no defect in persister formation 
when grown in laboratory media (fig. S6, A and 
B). However, deletion of Salmonella relA and 
spoT or lon significantly reduced macrophage- 
induced persister numbers (Fig. 4C). Thus, the 
Lon-dependent persister induction pathway of 
Salmonella is specifically responsive to condi- 
tions encountered within macrophage vacuoles. 
Analysis of the Salmonella genome revealed 
14 putative class II TA operons (/9), all of which 
were up-regulated from 4- to 30-fold in a relA, 
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the culture medium or exposure to SHX also 
activated the TA modules (fig. S7B). 

Single-deletion mutant strains were obtained 
for each of the TA loci. Although the majority of 
mutants did not show any impairment of intra- 
cellular replication rates, they showed a 10 to 
30% reduction in the proportion of nonreplicat- 
ing bacteria in infected BMM as compared with 
the WT strain (Fig. 4D and fig. S8). Mutation 
of TA genes had an even greater effect on persister 
frequency (Fig. 4D and fig. S9). Thus, after phago- 
cytic uptake 14 class I TA modules were activated 
by acidification and/or nutrient starvation within 
the SCV, leading to the rapid formation of non- 
replicating persisters. 

Because the Salmonella shpAB locus has 
been shown to encode a functional TA module 
(21), we investigated its contribution to persister 
formation during infection of mice. To do this, 
groups of 10 animals were inoculated p.o. with 
an equal mixture of WT and shpAB mutant 
strains. Animals were given enrofloxacin 24 hours 
later and for a further 5 days, at which time MLNs 
were extracted to recover persisters. The relative 
proportions of WT and shpAB mutant strains were 
determined by colony-forming units, and a com- 
petitive index (CI) value (/2) of 0.85 (P = 0.01) 
was obtained. The reduced rate of persister for- 
mation by the mutant strain correlated with its 
enhanced net growth over the wild type in the 
absence of antibiotic [CI value of 1.83 (P= 0.05)]. 
Together, these experiments show that the shpAB 
TA locus contributes to the generation of per- 
sisters in the mouse model of typhoid fever. 

Overall, these results reveal several impor- 
tant characteristics of nonreplicating intracellular 


Salmonella. First, all persisters that were detec- 
ted, both in mice and macrophages, formed within 
minutes upon infection and failed to replicate. Sec- 
ond, nonreplicating bacteria displayed unexpected 
phenotypic heterogeneity (Fig. 3D). Third, in 
contrast to nonpathogenic E. coli, the Salmonella 
lon—dependent persister induction pathway re- 
sponded specifically to the host cell environment. 
The acidified and nutritionally poor vacuolar en- 
vironment is also required for the expression of 
many Salmonella virulence genes (22), which are 
required for bacterial replication in macrophages 
(7). Thus, the vacuolar environment stimulates 
some bacterial cells to initiate replication and 
others to enter a nonreplicating state in which 
they are more likely to survive long-term host- 
induced damage and exposure to antibiotics 
(fig. S10). The generation of such cell-to-cell het- 
erogeneity is likely to provide a strong selective 
advantage to Salmonella and other bacterial path- 
ogens that encounter the antimicrobial activities 
of macrophages. 
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Logos Biosystems 

For info: 703-622-4660 | www.logosbio.com 


MICROPLATE HOTEL 

The new microplate hotel is for use with the CompacT SelecT automated 
cell culture system and is compatible with LiCONiC plate incubators. It al- 
lows users to transfer entire stacks of plates between the CompacT SelecT 
and LiCONiC incubator-based screening systems, thus saving scientists’ 
time and improving the efficiency of supplying consistent quality cells to 
increase throughput in cell-based screening operations. The new microplate 
hotel, developed in conjunction with LiCONiC AG, is compatible with 
their STR incubator range. This ensures researchers can significantly reduce 
plate transfer times and reduce the risks associated with manual plate relo- 
cations. The addition of the new LiCONiC-compatible plate hotel extends 
the functionality of CompacT SelecT to provide fully automated aseptic 
cell culture processing for a continuous supply of consistent quality cells, 
thereby increasing productivity in cell-based screening programs. 

TAP Biosystems 

For info: +44-(0)-1763-227200 | www.tapbiosystems.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organiza- 
tions are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of 
any products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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MN AAAS |2014 MEETING GLOBAL CHALLENGES: 
ANNUAL MEETING DISCOVERY AND INNOVATION 


13-17 FEBRUARY e CHICAGO 


Advance registration is open until 22 January. 
Register and book housing through AAAS 
for reduced rates. 


The full scientific program is available online. 


www.aaas.org/meetings 


AAAS, publisher of Science, thanks the sponsors and 
supporters of the 2014 Annual Meeting 


eS + 
" Chemistry for Life” 


Ethane S BAR AMERICAN CHEMICAL SOCIETY 
San LJ LJ. 


a HELMHOLTZ the Lemelson foundation AMERICAN ACADEMY 
| ASSOCIATION improving lives through invention OF ARTS & SCIENCES 


AAAS thanks 


KAVLI FOUNDATION 


for its generous support of 
the Science Journalism Awards 


Sponsors as of 15 December 2013 
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Move Forward with Confidence 


Verify stem cell potency with Functional Identification Kits from R&D Systems 


iPS2 Human Induced Pluripotent Stem Cells 


Ectoderm Differentiation Mesoderm Differentiation Endoderm Differentiation 


Brachyury/DAPI : DAPIE | @ Brachyury/DAPI 


Verification of iPS2 human induced pluripotent stem cells by directed differentiation using R&D Systems Human 
Pluripotent Stem Cell Functional Identification Kit. 


Kits are available for verification of pluripotent, mesenchymal, and neural stem cells 
v Save valuable time and reagents 
v¥ Reduce experimental variation 
Y Functionally verify stem cell potency 


_ Find the right tools to verify | RnDSystems.com/stemeellverfiation | | 
potency by stem cell type | RnDSystems.com/stemcellverification | 
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ScienceCareers.org and click 
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Tracy Holmes 
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Director, UW Carbone 
Cancer Center 


University of Wisconsin School of Medicine 
and Public Health, Madison, Wisconsin 


The UWSMPH invites applications and nominations for the position of 
Director of the UW Carbone Cancer Center (UWCCC). The Center 
has approximately 250 full and part-time faculty members, as well as a 
robust panel of senior scientists and staff. They provide outstanding 
clinical service, as well as nationally renowned research and 
educational programs. 
UW-Madison has a long and rich history as an international leader in 
basic, translational and clinical cancer research reflected in its history 
of two NCI-designated and -funded cancer research centers. UWCCC 
has received continuous NCI funding since 1973 when it was one of the 
first six NCI comprehensive cancer centers and consolidated with 
McArdle Laboratory for Cancer Research (NCI funded since 1946) in 
2001. The UWCCC has approximately 250 faculty members who generate 
>$80 million cancer-related peer-reviewed funding annually. 
The UWCCC offers a complete and comprehensive array of clinical 
services at thirteen sites, including seven outside of Madison. The 
Center provides education and training programs at multiple levels, 
including medical student, graduate student, resident, and 
post-doctoral fellowship. 
We seek a recognized leader with an outstanding academic background 
in cancer research, strong clinical and research credentials, demon- 
strated commitment to education, experience in mentoring junior 
faculty, and proven leadership and management skills. The Director 
will provide professional and administrative leadership of the highest 
quality to this distinguished center in its teaching, research, and clinical 
missions, and would be responsible for leadership in submitting the 
renewal of cancer center core grant in 2017. 
The successful candidate will have a compelling vision for the future of 
cancer research in a leading academic medical center. Candidates 
must have an MD or PhD or MD/PhD degree or equivalent, evidence 
of sustained high-level leadership experience in an academic setting, a 
history of established peer-reviewed cancer research funding, and 
accomplishments as a clinical, basic, or translational, or population 
health scholar and teacher, that meet the standards for a tenured 
faculty appointment at the University of Wisconsin-Madison. 

Send a letter of application or nomination, with CV, to: 

Carol Diamond, MD and Richard Page, MD Co-Chairs of the 
UW Carbone Cancer Center Director Search Committee, 
Faculty HR, 4150 HSLC, 750 Highland Avenue, Madison, WI, 
53705-2111, leadership_recruitments@med.wisc.edu 
To receive full consideration, applications should 
arrive by April 1, 2014. 

Unless confidentiality is requested in writing, information regarding applicants must be released upon request. 
Finalists cannot be guaranteed confidentiality. Wisconsin Caregiver Law applies. The University of Wisconsin is 


an equal opportunity, affirmative action employer. Applications from minorities and women are encouraged. 
For more information: www.med.wisc.edu, http://www.uwhealth. org/cancer-for-researchers /uwecc/28373 


UNIVERSITY OF 
WISCONSIN-MADISON 
SCHOOL OF MEDICINE 
AND PUBLIC HEALTH 


Nanjing Agricultural University 
Faculty Recruitment Notice 


Nanjing Agricultural University(/NAU) welcomes top talent in research and academics for full-time positions. 


NAU is a national key university under the direct administration of the Ministry of Education of the People’s Republic of 
China. NAU is a Project 211 institution and one of the Innovation Platforms for Outstanding Disciplines under the 
985 Excellence Initiative Project launched by China’s Ministry of Education. 


@ Eligible applicants: 
Tenured professors at overseas universities or young scholars with PhDs from overseas universities. 


Candidates should be involved in one or more of the following research areas: crop science, agriculture resource utilization 
and environment sciences, plant protection, veterinary medicine, horticulture, biology, agricultural and applied economics, 
land resource management, food science, history of science and civilization, ecology, animal husbandry, agrostology, public 
administration, industrial economics, business administration, finance, agricultural and bioinformatics, marine biology, and 


modern agriculture equipment engineering. 


@Employee benefits: 


1 Initial research funding ranging from RMB 500,000 to 10,000,000 will be provided, depending on discipline and 


applicants’ status. Laboratory and office will be arranged. 


2.NAU also provides housing and a relocation allowance. 


3.Special support will be provided to each leading researchers, including a full-time administrative secretary, assistance in 
assembling a research team, and priority in recommendations for research funding and government talent schemes. 


Tel: (86) 25-84399039 Ms. Chen Zhiying 
E-mail: reb@njau.edu.cn 
Website: http://www.njau.edu.cn 


Faculty Positions Available in Southwest 
University, Chongqing, China 


Southwest University is a national key university of the “211” project 
directly under the Ministry of Education. It is located in Chongqing, 
the youngest municipality of China. The university hosts 
approximately 50,000 students, covering undergraduate, postgraduate 
and other programs. For more detailed information, please visit the 
website: http://www.swu.edu.cn/# 


Applications for full-time professors, associate professors and 
distinguished scientists are welcome. Competitive salaries and start-up 
funds will be provided to successful candidates, in line with the 
national Recruitment Program of Young Experts. 


The Recruitment Program of Young Experts (ic. the Plan for 
Recruiting 1,000 Professorship for Young Talents): The candidates are 
required to be under the age of 40 and have obtained a PhD degree in 
a world-renowned university with at least 3 years of research 
experience abroad, or have obtained a PhD degree in Mainland China 
with at least 5 years of research and teaching experience abroad. 
Special offers will be granted to those who have excellent research 
achievements during their doctoral study. 


Further information is available at http:// renshi.swu.edu.cn/regzbgs/ 
The Talents Recruitment Office, Southwest University,Beibei, 
Chongqing 400715, P. R. China. 0086-23-68254265. 


Please kindly send applications or nominations in the form 
of an application letter enclosing a current CV_ to 
rencai@swu.edu.cn. 


Faculty and Postdoctoral Positions at age a a 
Peking-Tsinghua Center for Life Sciences =“ sciences 


Applications are invited for Principal Investigator (PI) and postdoctoral 
positions at Peking-Tsinghua Center for Life Sciences (http:// 
www.cls.edu.cn/english/). 


We look for the best scientists in all areas of life sciences, with emphasis 
in the following areas: bioinformatics, biochemistry and biophysics, 
bioengineering, cancer biology, epigenetics, cell biology, chemical 
biology, computational biology, microbiology and virology, human 
genetics, genetics, genomics, molecular medicine, molecular neuro- 
science and cognitive neuroscience, modern imaging, physiology, plant 
biology, synthetic biology, and systems biology. 


Each PI holds a joint (tenure track or tenured) appointment in one of the 
departments or schools at Peking University (such as Chemistry, Computer 
Science, Engineering, Life Sciences, Mathematics, Medicine, Physics and 
Psychology). Peking University provides excellent interdisciplinary 
research environment and outstanding core research facilities. We offer an 
internationally competitive package. The kindergarten and the primary 
school attached to Peking University will be available to the children of all 
Center PIs and postdocs. 


PI application materials (with cover letter, summary of research interests, CV and 
less than 5 representative publications, all in a single PDF file) should be sent to 
Ms. Wei Xiao (gsmkyb@pku.edu.cn), to whom you should also ask your 
references to send in their recommendation letters. Postdoc applicants should 
indicate in the cover letter 1 or 2 laboratories as your intended host, and send 
application materials to Ms. Siyuan Gong (clspostdoc-peking@cls.edu.cn). 
Applications from both Chinese and non-Chinese nationals will be evaluated on 
an equal opportunity basis. 
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DIRECTOR 


Arkansas Children’s Nutrition Center 


We are seeking to recruit a new Director of the Arkansas 

Children’s Nutrition Center (ACNC) in Little Rock, AR. ead 
The Director will be a Professor (Tenure Track) in the ren’s 
Department of Pediatrics and Chief of the Division of ition 
Developmental Nutrition at the University of Arkansas for nter 
Medical Sciences (UAMS) College of Medicine. 


Requirements include a PhD or MD degree and a national reputation in nutrition-related 
research. He/she should have demonstrated excellence in research as evidenced by 
accomplishments, such as a long-standing record of nationally competitive funding 
at the RO1 level through NIH; an excellent record of publications in high quality peer- 
reviewed scientific journals; NIH Study Section Membership; and National Awards. 
The successful candidate must also have proven and effective management and 
interpersonal skills necessary to direct a large, interdisciplinary national human 
nutrition research program. 


The ACNC is one of six Human Nutrition Research Centers funded by the USDA/ARS 
and is housed in a private research building on the campus of Arkansas Children’s 
Hospital, which is one of the nation’s largest state-of-the-art children’s hospitals and 
the primary pediatric research and teaching site of UAMS. The position carries a 
competitive salary and benefits package and will remain open until February 15, 2014. 


Interested parties should submit their curriculum vitae and full contact information via 
email to RFJ@uams.edu or mail to: Richard Jacobs, MD, FAAP, Search Committee 
Chair, 13 Children’s Way Slot 842, Little Rock, Arkansas 72202-3591. 


UAMS is an inclusive Equal Opportunity and Affirmative Action Employer 
and is committed to excellence. 


AURA SOLICITS APPLICATIONS AND 
NOMINATIONS FOR THE 
PRESIDENT OF AURA 


AURA 


The Association of Universities for Research in Astronomy (AURA) seeks a new President, with the aim of 
filling this position by February 2015. AURA is a consortium of universities and educational institutions that 
operates world-class astronomical observatories on behalf of the National Science Foundation (NSF) and 
the National Aeronautics and Space Administration (NASA). AURA’s mission is “Zo promote excellence 
in astronomical research by providing access to state-of-the-art facilities.” 


AURA acts as the Managing Organization for the National Optical Astronomy Observatory (NOAO), 
the National Solar Observatory (NSO), the International Gemini Observatory, the Large Synoptic Survey 
Telescope (LSST) Construction Project, and the Space Telescope Science Institute (STScI). 


The President discharges all roles and responsibilities described in the AURA Policies and Procedures Manual 
(see www.aura-astronomy.org/about.asp?aboutType=policies). S/he is also responsible for all AURA pro- 
grammatic issues, including those at STScl, NOAO, NSO, Gemini, and concerning construction of LSST. 
These responsibilities relate to top-level AURA management commitments and policies, promotion of the 
mission of AURA and its centers, and identifying new business and scientific opportunities for AURA. 


The AURA Corporate Office is located in Washington D.C. This is designated as the primary duty location 
for the President, though candidates should expect to travel frequently in the conduct of AURA business. 


Candidates for the position of AURA President should have demonstrated strong leadership in science and 
administration and have an established record of achievement in those areas. Candidates should also have 
demonstrated talent for management, combined with skill in federal, institutional and international relations. 
AURA is inviting applications for this position and is also soliciting nominations from the community-at- 
large. Applications and nominations will be accepted until the position is filled. All complete applications 
received by May 1, 2014 will be given full consideration. All applications will be held in confidence. 
Applications must include: a curriculum vitae, information on relevant experience and accomplishments, 
and the candidate’s vision for leading AURA and/or the future evolution of AURA. Shortly after May 1, 
candidates should be prepared to submit the names of three professional references who have agreed to 
offer assessments. 

Nominations, applications, and questions related to this search should be emailed to presidentsearch@aura- 
astronomy.org. Alternatively, written nominations and/or applications may be sent to: Dr. Bruce W. Carney, 
Chair, Presidential Search Committee c/o AURA, 1212 New York Avenue NW, Suite 450, Washington, 
DC 20005. Information and updates regarding the President position and all aspects of this search are avail- 
able on AURA’s website: www.aura-astronomy.org. 


Women and minorities are encouraged to apply. AURA is an EOE/AA/F/D/V Employer. 


AAAS is here - 
helping scientists 
achieve career success. 


Every month, over 400,000 
students and scientists visit 
ScienceCareers.org in search of 
the information, advice, and 
opportunities they need to take 
the next step in their careers. 


A complete career resource, free 
to the public, Science Careers 
offers a suite of tools and services 
developed specifically for scientists. 
With hundreds of career develop- 
ment articles, webinars and 
downloadable booklets filled with 
practical advice, a community 
forum providing answers to career 
questions, and thousands of job 
listings in academia, government, 
and industry, Science Careers has 
helped countless individuals 
prepare themselves for successful 
careers. 


As a AAAS member, your dues help 
AAAS make this service freely avail- 
able to the scientific community. 

If you’re not a member, join us. 
Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 


MVAAAS+U=A 


WOMEN 
IN SCIENCE 


forging 
new pathways in 


green 
science 


Read inspiring stories 
of women working in 
“Green Science” 
who are blending 
a unique combination of 
enthusiasm for science 
and concern for others 
to make the world 
a better place. 


Download this 
free booklet 
ScienceCareers.org/ 
LOrealWiS 


Science 


This booklet is brought to you by the 
AAAS/Science Business Office 
in partnership with the 
L’Oreal Foundation 


ml 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


EPFL — the Swiss Federal Insti- 
tute of Technology Lausanne — is a 
preeminent European institution of 
science and engineering. Engaged 
regionally, nationally and interna- 
tionally, its campus provides an 
exciting intellectual community 
within the French-speaking region 
of Switzerland, on the shores of 
Lake Geneva, at the foot of the 
Alps. For more information about 
EPFL, please visit www.epfl.ch 


The School of Life Sciences was 
created within EPFL to foster 
strong interactions, both in terms 
of teaching and research, with the 
Schools of Engineering, of Basic 
Sciences and of Computer and 
Communication Sciences leading 
to highly innovative transdiscipli- 
nary research. The School of Life 
Sciences aims at the highest stand- 
ards, under the auspices of some 
fifty international faculty mem- 
bers, approximately 700 bachelor 
and master students, 200 PhD 
candidates and 160 postdoctoral 
fellows. Research is supported 
by high-end technological plat- 
forms, and funded through public 
and private sources including the 
Swiss Confederation, the Euro- 
pean Union, private foundations, 
and industrial partners. Addition- 
al information about the School 
of Life Sciences is available at 


http://sv.epfl.ch 


Reporting to the President as a 
member of EPFL’s senior admin- 
istration, the Dean provides vision 
and leadership across the School’s 
teaching and research activities, 
manages its corporate business 
and administrative responsibili- 
ties, and represents the School at 
the campus, regional, national and 
international levels. 


Dean of the School of Life 


Sciences 
at the Ecole polytechnique fédérale 
de Lausanne (EPFL) 


The successful candidate will 
be an inspirational leader with 
outstanding achievements in re- 
search, teaching and academic 
community service, demonstrated 
managerial capabilities in a uni- 
versity setting, and evident colle- 
gial skills. The successful candi- 
date will be committed to promote 
interdisciplinary teaching and re- 
search, with the bandwidth to en- 
thusiastically promote the broad 
scope of research endeavors in the 
School. Experience in organizing 
collaborative teams and programs, 
involving both internal and exter- 
nal partners, will be an important 
asset. The position offers competi- 
tive personal compensation, ten- 
ure at the full professor level, and a 
foundation of financial support for 
the candidate’s research program. 


Screening of applications will 
start on February 15th, 2014 and 
will continue until the position has 
been filled. Please submit a cur- 
riculum vitae, a vision statement 
and the names of up to five profes- 
sional references on the following 
website: 
https://academicjobsonline.org/ 


ajo/jobs/3741. 


Inquiries, nominations, and expres- 
sions of interest can be addressed to: 


Prof. Gisou van der Goot 
Chair of the Search Committee 
E-mail: gisou.vandergoot@epfl.ch 


EPFL is committed to expanding 
the ranks of women on its faculty, 
and qualified women are enthusi- 
astically encouraged to apply. 
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E.O. WILSON 


BIODIVERSITY SYMPOSIUM ‘© 
ee 


April 22-24, 2014 
The University of Alabama 
Tuscaloosa, AL, USA 


Registration: www.biodiversity.ua.edu 


Beginning on Earth Day at The University of Alabama 


Join Dr. Edward O. Wilson and international biodiversity experts for three days of research briefings 


and forums on the state and future of biodiversity on our planet. 


Featuring the international release of Dr. Wilson’s new book, A Window on Eternity: Gorongosa 


National Park, Mozambique. 


Distinguished Speakers 


E. Virginia Armbrust 

P. Dee Boersma 

R. Scot Duncan 

Ryan Earley 

Scott V. Edwards 

Harry W. Greene 

Juan M. Lopez-Bautista 
Jonathan B. Losos 


Meg Lowman 

D. Bruce Means 
Michael B.A. Oldstone 
Richard A. Richards 
Leslie J. Rissler 
Sahotra Sarkar 

Diana H. Wall 

Edward O. Wilson 


Join Dr. Wilson and the College of Arts and Sciences as we explore biodiversity from a range of 


perspectives: biological, evolutionary, cultural, and philosophical. 


Registration: www.biodiversity.ua.edu 


THE UNIVERSITY OF ALABAMA 


COLLEGE OF ARTS AND SCIENCES 


Join the Conversation! 


Twitter is a great way to connect with 
AAAS members and staff about the 
issues that matter to you most. Be a part 
of the discussion while staying up-to-date 
on the latest news and information 
about your personal member benefits. 
Follow us @AAASmember 
and join the conversation 
with #AAAS 


MAVAAAS 


MEMBERCENTRAL 
MemberCentral.aaas.org 


Assistant/Associate Professor 
= Department of Microbiology 
MONTANA and Immunology 


EimeNAdaeea | | An outstanding researcher and instructor is sought to 
BOZEMAN establish a nationally competitive research program in 
the Department of Microbiology and Immunology at 
Montana State University (MSU) and teach in a new, cooperative veterinary 
medical education program with Washington State University School of Vet- 
erinary Medicine. Recruitment for this position (14-227) is concurrent with the 
recruitment for another recently listed position at MSU (14-226), and comes 
with a competitive institutional salary (9 months) and a generous start-up 
package. State-of-the-art facilities for flow cytometry, cell biology, molecular 
sciences, and pathogen containment (BSL-3) are available in support of the 
successful candidate’s research program. Expertise in neuroimmunology is 
emphasized; however, expertise in other disciplines within the veterinary 
medical education program will also be considered, such as cell physiology, 
pathology/histology, neurobiology, immunology/infectious disease and anatomy. 
The successful candidate will be expected to mentor graduate and undergradu- 
ate students, and will also be responsible for providing service as applicable to 
the department, college, university, and scientific community. Requirements 
and preferred qualifications, as well as application procedures can be found at: 
www.montana.edu/jobs/faculty/14-227. 


Interested applicants should send a letter of application addressing each of the 
required and preferred qualifications, as well as items listed for a successful 
candidate in the vacancy announcement (14-227), and a statement of specific 
research focus and objectives (2 page maximum), a statement of teaching expe- 
rience and philosophy (2 page maximum), a current curriculum vitae, and the 
contact information of five professional references. Electronic submissions in 
PDF format are preferred, and must have the applicant’s signature on the letter 
of application. Submit materials to: Assistant/Associate Faculty Search Com- 
mittee, c/o Cheryl Johnson, Montana State University, PO Box 173610, 
Bozeman MT 59717-3610, (406) 994-4706; cherylj@montana.edu. 


Montana State University values diverse perspectives and is committed to 

building a multicultural work force. We strongly encourage women, racial/ 

ethnic/gender minorities, persons with disabilities, and veterans to apply. 

MSU is responsive to the needs of dual career couples and is dedicated to 
work-life integration. AA/ADA/EEO/VetPref Employer. 


SAINT LOUIS UNIVERSITY 


The Sylvia N. Souers Endowed Chair 
In basic, clinical or Translational Neuroscience 


The Department of Neurology and Psychiatry at Saint Louis University, a 
Catholic, Jesuit institution dedicated to student learning, research, health 
care and service, is seeking a distinguished physician — scientist for the 
Sylvia N. Souers Endowed Chair in Neuroscience (basic, clinical or 
translational). 


The candidate must be a well-funded senior investigator with an MD or 
MD/PhD and board certified in neurology or psychiatry. The candidate 
must have an excellent track record of research and publication in 
neuroscience consistent with appointment at the rank of professor with 
tenure. The appropriate recruitment package will be provided, including 
laboratory space and junior faculty positions if necessary. The successful 
candidate will spend the majority of their time in research activities 
including mentorship of residents and junior faculty, along with some 
clinical work in neurology or psychiatry or a subspecialty of either of 
those brain specialties. 


Interested candidates must apply online at http://jobs.slu.edu as well as 
forward applications by both email and regular mail to: 
Henry A. Nasrallah, MD 
Sydney W. Souers Professor and Chair 
Department of Neurology and Psychiatry 
Saint Louis University School of Medicine 
1438 S. Grand Blvd., Suite 105 
St. Louis, MO 63104 
hnasral@slu.edu 


Saint Louis University is an Affirmative Action/Equal Opportunity 
Employer (AA/EOE) and encourages nominations of and applications 
from women and minorities. 


‘AY UNIVERSITY OF : 
i CAMBRIDGE www.jobs.cam.ac.uk 


Li Ka Shing Professorship of Oncology 


Department of Oncology 


The Board of Electors to the Li Ka Shing Professorship of Oncology invite applications for this Professorship from persons whose work falls 
within the general field of cancer research. 

Candidates will have an outstanding record of international stature in cancer research. They will also have the vision, leadership, experience 
and enthusiasm to build on current strengths across cancer research and related disciplines in Cambridge. It is envisaged that the appointee 
will also be Director of the Cambridge Cancer Centre (http://www.cambridgecancercentre.org.uk/). Candidates should hold a PhD or equivalent 
postgraduate qualification. Applications would be particularly welcome from clinician scientists. 

Candidates will lead a significant personal programme of laboratory, translational and/or clinical research in a relevant area. Facilities 
and resources to enable this are available in the constituent elements of the Cambridge Cancer Centre. Standard professorial duties 
include teaching and research, potential contribution to clinical service delivery, examining, supervision and administration. The 
Professor will be based on the Cambridge Biomedical Campus. A competitive salary will be offered. 


We particularly welcome female applicants and those from an ethnic minority as they are under-represented within the University at this level. 


Further information is available at: www.admin.cam.ac.uk/offices/academic/secretary/professorships/ or contact the Academic 
Secretary, University Offices, The Old Schools, Cambridge, CB2 1TT, (email: ibise@admin.cam.ac.uk), to whom a letter of 
application should be sent, together with details of current and future research plans, a curriculum vitae, a publications list and 
form CHRIS/6 (parts 1 and 3 only) with details of two referees, so as to reach him no later than 23 January 2014. 


Informal enquiries may be directed to Professor Patrick Maxwell, e-mail: regius@medschl.cam.ac.uk, telephone: 01223 336738. 


Please quote reference RD02394 on your application and in any correspondence about this vacancy. 


online @sciencecareers.org 
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Closing date: 23 January 2014 


The University values diversity and is committed to equality of opportunity. 
The University has a responsibility to ensure that all employees are eligible to live and work in the UK. 


Director and President 
CAREER Running Monell Chemical Senses Center 


TR E N DS Your Lab The Monell Chemical Senses Center is the world’s leading independent research 
organization dedicated to basic and translational science in the fields of taste, 
smell and chemesthesis. Over its 45 year history, Monell has become a globally- 
recognized leader in scientific discovery, expanding understanding of the chemical 
senses and their relation to human and animal health through research, training, 

and dissemination. The Center’s highly collaborative scientific staff, with approximately 60 PhD-level 

investigators, includes organic chemists, molecular and cellular biologists, physiologists, psychologists, 
and nutrition and food scientists. 


Competitive government research grants constitute the largest source of Monell’s funding. The Center 
has been at the vanguard of successful academic-industry partnerships since its inception, and over 45 
companies from around the world currently participate in its Corporate Sponsorship Program and help 
support its research programs. Foundation and philanthropic support also constitutes an important source 
of Center funding. 


Monell is located in West Philadelphia adjacent to the campuses of the University of Pennsylvania and 
Drexel University. More details about Monell can be found at: www.monell.org. 


The Director and President has overall responsibility for leadership of the Center. This includes strategic 
planning, scientific direction, program development and evaluation, fundraising, board development, 
public/community relations, marketing, financial management and operations. S/he provides oversight of 
Monell staff and its organizational budget. S/he serves on, and works closely with, the Board of Directors 
and designated committees to facilitate effective Board engagement and oversight. 


The Director and President should have an international reputation as a scientist and a scholar. Although 

or Z /booklets preference will be given to candidates who investigate the chemical senses, outstanding scientist/ 
Je administrators from other areas will be given serious consideration. Senior administrative experience in 
non-profit scientific organizations is highly desired. An ability to foster collaboration within the Center 
and across collaborating academic, government and private institutions around the world is central to the 
success of the scientific, training and outreach missions of the Center. 


ScienceCareers 


Monell offers a competitive compensation and benefits package that includes medical and dental insurance 
Science C areers for employees and their families, a 403(B) plan with a generous company contribution, disability and life 
insurance for employees, and holidays and paid time off. To apply, please email a complete biography 
From the journal Science — PAVAAAS including a letter of interest and contact information for at least three references, none of whom will be 
approached without first obtaining permission, to: directorsearch@monell.org. Evaluation of applicants 


Brought to you by the : F : : : ; 
AAAS/Science Business Office will begin February 24, 2014 and will continue until the search is successfully concluded. 


Monell is an Equal Opportunity Employer. 


Science Careers is the forum 
that answers questions. 


Science Careers is dedicated to opening new doors and 
answering questions on career topics that matter to you. 
With timely feedback and a community atmosphere, our 
careers forum allows you to connect with colleagues and 
experts to get the advice and guidance you seek as you 
pursue your career goals. 


Science Careers Forum: 
Relevant Career Topics =a 


Timely Advice and Answers Ee ="= 
Community, Connections, —_—= 
and More! ail re 
= ——_ 
Visit the forum and join = 
the conversation today! Your Future Awaits. 
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Assistant Professor: Molecular biology/genetics of aquatic 
infectious diseases 


The Institute of Marine and Environmental Technology (IMET) of the University 
System of Maryland seeks applications for the position of Assistant Professor 
(tenure-track). The successful candidate will have a track-record of outstanding 
research using molecular biology/genetics approaches to study viral, bacterial or 
parasitic disease or the microbiome in shellfish or finfish. Candidates’ research 
should address molecular or immunological aspects of major microbial and/ 
or other infectious disease impacting aquaculture, fisheries, or ecologically 
important organisms in coastal or estuarine environments. Candidates with 
an interest in practical applications of their fundamental research, including 
interactions with industry, are encouraged to apply. A demonstrated ability 
to establish a well-funded research program is expected for the successful 
candidate. Primary appointment is in the Department of Marine Biotechnology 
at the University of Maryland Baltimore County, with a secondary appointment 
at the University of Maryland Baltimore. The primary focus of the appointee 
will be on research; teaching at the graduate level is encouraged. IMET’s 
mission is to study the biology of coastal marine biosystems and ensure their 
sustainable use, as well as exploit marine-derived systems to improve human 
health (www.imet.usmd.edu). IMET brings together faculty members from three 
major USM research institutions - the University of Maryland Baltimore (UMB), 
the University of Maryland Baltimore County (UMBC), and the University of 
Maryland Center for Environmental Science (UMCES) - in a dedicated state- 
of-the-art research facility located in Baltimore's Inner Harbor. 


A Ph.D. or equivalent terminal degree is required in molecular biology, 
microbiology, aquatic pathology or related fields and candidates should have 
postdoctoral experience and a strong publication record. Applicants should 
send the following in a single PDF file to Russell Hill, Director, IMET; email 
to hill@umcees.edu: (1) detailed curriculum vitae, (2) statement of research 
interests and goals and (3) names and contact details of three to five references. 
To receive full consideration, application materials should be submitted by 
February 15, 2014 (the position will be open until filled). 


The USM is an Equal Opportunity, Affirmative Action Employer. UMBC 
values gender, ethnic and racial diversity; woman, members of ethnic minority 
groups, and individuals with disabilities are strongly encouraged to apply. 
UMBC is the recipient of an NSF ADVANCE Institutional Transformation 
Award to increase the participation of women in academic careers. 


AAAS is here — 


promoting universal science literacy. 


In 1985, AAAS founded Project 2061 with the goal of helping 
all Americans become literate in science, matematics, and 
technology. With its landmark publications Science for All 
Americans and Benchmarks for Science Literacy, Project 2061 
set out recommendations for what all students should know 
and be able to do in science, mathematics, and technology 
by the time they graduate from high school. 

As a AAAS member, your dues help support Project 2061 
as it works to improve science education. If you are not yet 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/project2061 
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UCDAVIS 


UNIVERSITY OF CALIFORNIA 


Assistant/Associate Professor in Plant 
Sciences — Postharvest Physiologist 
Department of Plant Sciences 


LOCATION: University of California, Davis, CA 


RESPONSIBILITIES: The Department of Plant Sciences in 
the College of Agricultural and Environmental Sciences at 
the University of California Davis invites applications for a 
faculty appointment at the Assistant/Associate Professor 
level in Postharvest Biology. The successful candidate will 
establish a vigorous and dynamic research program as well 
as an innovative teaching program at both the undergraduate 
and graduate levels. The research will focus on postharvest 
biology of horticultural crops. It is expected that the research 
program will draw upon practical knowledge of postharvest 
processes and technology as well as upon related disciplines 
in genomics, plant pathogen interactions, biochemistry or plant 
developmental biology especially in areas such as Senescence 
or fruit ripening. An intended outcome of these discoveries will 
be identification of processes or traits that can be manipulated 
to improve postharvest handling strategies and ultimately 
postharvest quality of fruits, vegetables or ornamentals. The 
position is a 9-month tenure track appointment. This position 
will include an appointment in the Agricultural Experiment 
Station, which includes the responsibility to conduct research 
and outreach relevant to the mission of the California 
Agricultural Experiment Station 


QUALIFICATIONS: Ph.D. in plant biology, horticulture, 
biochemistry, genetics or related discipline with experience and 
documented interest in postharvest plant biology. International 
experience is desirable. 


SALARY: Commensurate with qualifications and experience. 


TO APPLY: Candidates should begin the application process 
by registering online at http://apptrkr.com/411069 . Please 
include statements of research goals for this position and 
teaching philosophy, curriculum vitae, publication list, copies 
of 3 of your most important research publications, copies of 
undergraduate and graduate transcripts (if within 5 years 
of either degree), and the names, e-mail addresses, and 
telephone numbers of at least five professional references. 
For technical or administrative questions regarding the 
application process please email kgeer@ucdavis.edu . Review 
of the applications will begin April 1, 2014. The position will 
remain open until filled. 


UC Davis is an affirmative action/equal employment opportunity 
employer andis dedicated to recruiting a diverse faculty community. 
We welcome all qualified applicants to apply, including women, 
minorities, veterans, and individuals with disabilities. 


} UNIVERSIDADE DE MACAU 
UNIVERSITY OF MACAU 


Recruitment of Vice Rector (Vice President) 
for Academic Affairs 


The University of Macau is the leading higher educational institution 
in Macao: it enjoys generous support from the Macao SAR and the 
local community; and it is achieving international recognition for its 
excellence in teaching and research. The University is now embarked 
on an ambitious development plan, growing rapidly in terms of 
student numbers, and in terms of academic staff - who are recruited 
world-wide. A new purpose-designed campus, more than one square 
kilometre in size and comprising more than sixty buildings, was 
opened in November 2013, with the full relocation scheduled to take 
place in 2014. Further strategic initiatives will follow, including the 
establishment of the largest Residential College system in Asia. The 
University has a strong tradition of service to the local community; 
and, in keeping with its international perspective, English is the 
University’s working language. 


The University is conducting a global search for the position of Vice 
Rector (i.e. Vice President or Pro-Vice Chancellor) with special 
responsibility for Academic Affairs. In this role the successful 
candidate will deputise for the Rector in all academic and related 
matters, coordinating all academic activities at local, national and 
international levels that contribute to the University’s strategic 
academic direction. He/she will also oversee the academic activities 
of the faculties, as well as other independent academic units, 
including both the appointment of academic staff and the oversight of 
those aspects of the University’s assurance systems designed to 
underpin and guarantee the high quality of the University’s teaching 
and research. 


He/she should have strong academic credentials as a Full Professor or 
above in a reputable higher educational institution, and will preferably 
assume the position by the Fall of 2014. 


The candidate is expected to have: 
An earned doctorate degree; 
Understanding of best international higher education practice, 
particularly in the areas of teaching and research; 
At least 5 years experience in a senior academic management 
position; 
Demonstrable competence in managing sizable groups of 
academics and professionals; 
Keen interest in and strong commitment to upholding the 
academic quality and standard of the University. 


Remuneration 

The remuneration and rank offered will be competitive and 
commensurate with the successful applicants’ academic qualifications, 
current position and professional experience. The current local 
maximum income tax rate is 12% but is effectively around 5% - 7% 
after various discretionary exemptions. 


Application Procedure 
More details about the job vacancy can be accessed at 


http://www.umac.mo/vacancy. Applicants and nominators are 
encouraged to send a cover letter, detailed curriculum vitae and other 
related materials with quotation of reference no. WRAA/11/2013 
preferably on or before February 1, 2014 to the following address. 
The position will remain open until filled. The University has 
appointed Heidrick & Struggles International, Inc. to assist in the 
search process for this position. Review of applications and 
nominations will commence immediately. Applicants may consider 
their applications not successful if they were not invited for an 
interview within 3 months of application. 


Human Resources Office, University of Macau 
Av. Padre Tomas Pereira Taipa, Macau, China 
Email: VRAA.recruit@umac.mo 
Tel: +853 8397 8684 or +853 8397 8593 


**%* Personal data provided by applicants will be kept confidential and used 
for recruitment purpose only*** 


University of /Uacau — 


74 ideal place to pursue your career 


| http://www.umac.mo 
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val EPPLEY INSTITUTE 


FACULTY POSITIONS 


The University of Nebraska Medical Center (UNMC) 
Eppley Institute, and the NCI-designated Fred & Pamela 
Buffett Cancer Center seek candidates for full-time 
tenure-track faculty positions. Candidates are expected 
to develop an independent, extramurally funded re- 
search program in basic/translational cancer research 
complementary to existing strengths and allied with the 
overall directions of the Cancer Center. They should ex- 
pect to participate in graduate-level teaching in the Can- 
cer Research Graduate Program and/or other UNMC 
graduate programs and engage in institutional service 
commensurate with their expertise. 

Individuals with projects focused on (a) identifying 
novel therapeutic agents using high throughput/systems 
biology, (b) targeted cancer therapies, and/or (c) ex- 
perimental cancer models are encouraged to apply. 

The anticipated start date is July 1, 2014. Equal Em- 
ployment Opportunity /Affirmative Action individuals from diverse 
backgrounds are encouraged to apply. To apply, go to website: 
https://jobs.unme.edu and reference requisition 
2013-239. Additional information at website: http:// 


www.unme.edu/cancercenter. 
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From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 
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